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Abstract 
The hot raw product gas leaving the gasifier in IGCC power plants carries a complement of 
toxic and/or corrosive trace elements. It is necessary to capture and remove these trace 
elements to suppress equipment corrosion, to protect gas turbine blades and to prevent or 
minimize the release of toxic chemicals to the atmosphere. The aim of the present study was 
to investigate trace element capture on selected sorbents and to study mechanisms involved 
in the capture of trace elements from the hot raw product gas. A new reactor has been 
designed, constructed, commissioned and used for the study of mercury, arsenic and 
cadmium capture. The materials tested as possibly useful sorbents include meta-kaolinite, 
coal derived fly ashes from combustion and gasification processes, as well as carbons 
prepared from scrap tyre rubber and sewage sludge. 
The results show that at 100°C, mercury was captured primarily by physical adsorption. 
However, the role of chemical interactions between mercury and active sites on the sorbent 
were observed to become increasingly more important as the temperature was increased. It is 
generally known that the presence of some forms of sulphur aid in the capture of mercury. 
However, (pyrolysed and) activated scrap tyre carbons were not found to be the most 
effective sorbents in capturing mercury, even though they contain more sulphur than meta- 
kaolinite, the fly ashes or a commercial active carbon. Much of the sulphur contained in the 
activated scrap tyre chars were observed to be present as stable wurtzite (ZnS), with the 
sulphur not free to interact with mercury. 
In a parallel study of mercury capture on pyrolysed sewage sludge at 150°C, it was 
calculated that diffusion resistance in the external film were negligible and diffusion of 
mercury vapour inside the pores of the sorbent particles was rapid. These results suggested 
that the rate of adsorption of mercury onto active sites would be the rate limiting factor of 
the overall process. 
1 
The capture mechanism of arsenic was found to be specific to the physical and chemical 
properties of the sorbents tested. In the case of carbon sorbents, a transition capture 
mechanism from physical to chemical adsorption occurs as the temperature is increased. The 
appreciable arsenic capture ability of meta-kaolinite and coal fly ashes, despite having very 
low surface areas and unfavourable mass transfer conditions during experiments, suggested a 
predominantly chemical adsorption mechanism. 
Coal combustion and gasification fly ashes exhibited high capture efficiencies for cadmium 
vapour. Leaching tests of the fly ashes after exposure to cadmium vapour suggested that the 
cadmium was captured via chemical interaction onto the sorbent matrix, with the formation 
of various cadmium aluminium-silicate complexes. Furthermore, the leaching resistance of 
these complexes was stronger as the capture temperature increased. 
Thermodynamic equilibrium calculations based on the principle of Gibbs free energy 
minimisation have been run, to predict speciation of trace element during the gas cooling 
stage in an IGCC plant. Due to major discrepancies observed for the main gas composition, 
because the software would not readily maintain a reducing atmosphere along the whole gas 
cooling path. A methodology was developed to artificially constrain the composition of the 
main gas to remain constant. Using the constrained model, mercury and selenium were 
predicted to remain in the gas phase over the full temperature range studied; this agreed with 
observations at the IGCC plant in Puertollano. The volatility of arsenic was significantly 
reduced by the formation of nickel arsenide which can then condense onto ash particles or 
deposit onto equipment and cause corrosion and erosion. Calculations predicted that below 
400°C, most trace elements other than mercury, selenium and arsenic condense within the 
system, generally as oxide, carbonate or sulphate species. 
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Introduction 
In the 21st century, coal is expected to keep its important position as a major world energy 
source because of the relative abundance of its reserves compared to those of natural gas and, 
in particular, petroleum. According to the World Coal Institute (WCI), the global production 
of coal has reached 4030 Mt per annum, 38% more than 20 years ago. Furthermore, global 
coal production is expected to reach 7000 Mt per annum by 2030, with China accounting for 
around half the increase over the intervening period [1]. The Energy Information 
Administration (EIA) predicts coal consumption to increase by an average of 2.6 percent per 
year during the period between 2004 and 2015, and then slow to an average increase of 1.8 
percent annually from 2015 to 2030 [2]. 
Coal plays a particularly vital role in power generation, currently accounting for 39% of the 
World's electricity production; with this situation expected to continue over the next 30 years. 
China, the United States and India consumed 1400,900 and 400 Mt of coal, respectively [1] 
during 2003. In particular, strong economic growth is predicted for China and India [6.5 and 
5.7% percent per year, respectively] with much of the increased energy demand being met by 
coal [2]. Huge new coal-based electricity generation capacity is being installed currently in 
China and India as part of the on-going economic expansion. 
In addition to the major combustible components [carbon and hydrogen], coal contains many 
toxic elements in trace amounts (<1000 ppm), such as mercury, arsenic and selenium. Since 
large quantities of coal are consumed each year, the pollutant emissions from coal utilization 
may cause serious environmental and health risks. As a result, there are an increasing number 
of international and national programmes and action plans concerned with reducing trace 
element emissions. Mercury has especially been identified by EPA, the U. S. Environmental 
Protection Agency, as the toxic substance of greatest concern amongst all the air toxics 
emitted from power plants. 
1 
Introduction 
Integrated gasification combined cycles (IGCC) may become the preferred way of using coal 
for power generation because of the promise of high efficiency and minimal environmental 
impact. In the processes, the hot raw gas is cleaned before it is combusted in a gas turbine. 
The primary goal of gas cleaning in combined cycle systems is the protection of the gas 
turbine from deposition , erosion and corrosion 
by impurities such as particulates, alkali 
metals (Na, K) and heavy trace metals (Pb, V). The secondary goal is to ensure that toxic 
compounds released into the atmosphere are below defined limits. At present, the majority of 
proven gas purification processes employ wet scrubbers which deliver cleaned gas at ambient 
temperature. Although achieving good gas cleaning, there is a significant cycle efficiency 
penalty. 
In order to improve thermal efficiency and reduce capital and operating costs, without 
adversely affecting environmental performance, it will be necessary to develop hot gas 
cleaning technology to purify the coal-derived gas streams at much higher temperatures. Hot 
gas cleaning is a generic term that refers to the removal of gas stream impurities at 
temperatures above 250°C. However, at higher temperatures more volatile elements such as 
mercury, arsenic, selenium, cadmium, lead and zinc, may be present totally, or partially, in the 
vapour phase and more liable to pass to the turbine. There is therefore a need to investigate 
the possibility of removing trace compounds from raw coal gas at elevated temperature. Solid 
sorbents appears to offer a potential solution here. 
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Background 
Coal is a natural substance not only comprising organic matter, but also inorganic material 
from the earth's surface. Practically every element from the Periodic Table is present to 
varying levels. They can be classified into three groups, based on their concentration: major 
elements (C, H, 0 and N with contents in excess of 1 wt% or 10,000 ppm), minor elements 
(Al, Ca, Fe, K, Mg, Na and Si with contents between 1 and 0.1 wt%) and trace elements 
(mainly all the remaining elements with contents below 0.1 wt% or 1,000 ppm). 
Concentrations of the trace elements can vary significantly between coals of different origins, 
and between coals from the same seam. Table 1-1 gives ranges of concentration of selected 
trace elements. 
Table 1-1 Typical concentration range (ppm or µg. g 1) of six trace elements in coal [3] 
Element Coal 
Arsenic As 0.5 - 10 
Cadmium Cd 0.05 - 10 
Lead Pb 1-3 00 
Mercury Hg 0.02 -3 
Selenium Se 0.2 -3 
Zinc Zn 1- 1000 
1.1 Trace Elements of Concern 
Trace elements are released to the atmosphere from both natural sources and human activities. 
Many toxic elements are present in coal and although they are present in trace concentrations, 
the large quantities of coal consumed make coal-fired power plants one important potential 
source of hazardous emissions to atmosphere. A single large power station (600 MWe) might 
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consume 5Mt of coal per year [4]. In the United States, the Environmental Protection 
Agency's (EPA) Information Collection Request (ICR) to coal-burning utilities indicated that 
900 Mt of coal were consumed by the US power plants in 1999 and that 75 tons of mercury 
were emitted [5]. 
The trace elements of environmental concern can be taken from relevant national and 
international regulations, although there is some lack of agreement between them. Currently, 
the trace element emissions considered to be of most importance are arsenic, cadmium, lead 
and mercury. Although international and national emission inventories for air toxics are 
becoming more readily available, the data for emissions of individual trace elements tend to 
be less complete and less consistent than data on emissions of pollutants such as SO2 and 
NOx [4]. Since mercury is the trace element of most concern, it is not surprising that more 
data appear to be available for this trace element. Coal-fired utility boilers are currently the 
largest single-known source of mercury emission in the United States, accounting for about 
one third of the total anthropogenic mercury emissions in the USA [5]. It has been estimated 
that in 2000, around 16% of the total anthropogenic mercury release to atmosphere was 
derived from coal power plants [6]. Table 1-2 illustrates the range of trace elements under 
consideration by various regulatory bodies. Of all the trace elements, mercury is of leading 
concern amongst the air toxic metals addressed in the 1990 Clean Air Act Amendments 
(CAAA) because of its volatility, bio-accumulation as methylmercury in the environment, and 
its neurological health impact [7]. Since the implementation of the Clean Air Act in 1990, 
new amendments require coal and oil-fired plants in the USA to report chemical release under 
the National Toxics Release Inventory (TRI) [8]. Reporting thresholds vary between species 
but are generally set at either 0.05 or 0.5 kg per year. 
On 2005, the EPA issued mercury standard emission limits for new and existing coal-fired 
utility electric plants that were modified or reconstructed after January 30,2004 [9]. The 
objective is to cap the total mercury emission to 38 tons per year from 2010 and 15 tons per 
year from 2018. To achieve such limits, the EPA set mercury emission allowance, based on 
gross energy output, to the coal-fired plants depending on the type of coal they are using, e. g. 
plants combusting bituminous coal and IGCC units have some of the highest limits, at 
approximately 9.5 kg. TWh-1 and 9.1 kg. TWh-' respectively. It is also believed that any other 
legislation requiring reductions in other pollutant species, such as dust and sulphur dioxide, 
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will almost certainly help in achieving the required reduction in trace elements emissions [9, 
10]. The Canadian Council of Ministers for the Environment (CCME) is aiming to impose 
more stringent mercury emission limits with, for example, an emission rate of 3 kg. TWh"' for 
the new coal-fired plant unit using bituminous coal [I I[11]. In Europe, a similar air quality 
directive requires plant operators to monitor emissions of particular trace elements. In the case 
of lead, the annual average value since 2005 is 0.5 µg. m 3. The targeted values for arsenic, 
cadmium and nickel to be met by 2012 are 6 ng. M-3 ,5 ng. m-3 and 20 ng. m-3, respectively 
[12, 
13]. 
Table 1-2 Trace elements of regulatory interest 
Element Symbol EPER UK PI US CAAA US TRI 
Number on list 8 15 11 17 
Arsenic As x X X X 
Cadmium Cd x X X X 
Chromium Cu x X X X 
Copper Cr x X X 
Mercury Hg x X X X 
Nickel Ni x X X X 
Lead Pb x X X X 
Zinc Zn x X X 
Antimony Sb x X X 
Beryllium Be x X X 
Boron B X 
Fluorine F X 
Manganese Mn x X X 
Selenium Se x X X 
Vanadium V X X 
Cobalt Co x X 
Barium Ba X 
Silver Ag X 
Thallium Ti X 
EPER - European Pollutant Emission Register 
UK PI - United Kingdom Pollution Inventory 
US CAAA - United States Clean Air Act Amendments (1990) 
US TRI - United States Toxic Release Inventory 
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1.2 Occurrence of Trace Elements in Coal 
The mode of occurrence refers to how the element is chemically bound and physically 
distributed throughout the coal. These associations have a major impact in determining the 
features of an efficient gas cleaning system when trace element removal is considered. 
Elements are often described as being chalcophile, lithophile or siderophile. Chalcophile 
elements are those with a strong affinity for sulphur, typically associated with sulphide ore 
minerals. Lithophile elements have a strong affinity for silicon, and are typically associated 
with aluminosilicate minerals. Siderophile elements are those with a strong affinity with iron. 
In addition, specific trace elements tend to associate with either the inorganic or organic 
components of coal. Figure 1-1 illustrates the modes of occurrence of trace elements in coal. 
Many studies have been published on the modes of occurrence of trace elements, but there are 
considerable differences both in approaches to grouping the elements' and most of the 
published work concludes that "there is a great deal of uncertainty about the mode of 
occurrence" [14]. 
Trace elements in coal are associated with complex mixtures of carboxylate groups, clay 
minerals and discrete mineral particles such as clays, sulphides, carbonates, oxides and 
sulphates. Elements that occur in the organic matter can be chemically bound to organic 
groups in the coal, or can occur in finely dispersed mineral inclusions in the organic matrix. 
Most of the trace elements, however, are associated with minerals such as aluminosilicates, 
silicates, carbonates and sulphides [ 15]. 
Some elements can readily be identified using techniques such as electron microprobe analysis and scanning 
electron microscopy with energy dispersive X-ray analysis (SEM/EDX). For other elements the mode of 
occurrence has been based on either physical or chemical separation using sequential leaching techniques and 
this does not necessarily give clear cut results. 
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Figure 1-1 Modes of occurrence of trace elements in coal [ 15] 
Table 1-3 presents a summary of the mode of occurrence for the relevant trace elements of 
this project [7,14]. A level of confidence has been estimated for the most likely modes of 
occurrence and is also listed in Table 1-3. The estimated level of confidence is a numeric 
value from 1 to 10, with 10 indicating the highest level of confidence2. The greatest 
confidence in the mode of occurrence is for the chalcophylic elements, i. e. those that occur 
predominantly as sulphides. Most of the elements of environmental concern are associated 
with pyrite and other sulphide minerals [ 16]. 
2 The estimated is based, in large part, on whether the modes of occurrence were determined by direct or indirect 
methods. Another factor considered in estimating the level of confidence is how consistently the element 
behaved among the various studies. 
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Table 1-3 Likely modes of occurrence of six inorganic elements in coal and level of confidence 
estimate [14] 
Element Mode of Occurrence 
Arsenic In association with pyrite [FeS2] 
Cadmium In association with zinc in sphalerite, ZnS 
Lead Galena, PbS 
Mercury In association with pyrite or sphalerite 
Selenium In pyrite and sulphide as galena, and may also be 
organically bound 
Zinc Sphalerite, ZnS 
Level of confidence 
8 
8 
8 
6 
8 
na 
To predict the transformation of the trace and minor trace elements effectively, their 
distribution among the minerals is required. Whether a mineral is locked within the coal 
matrix or external to the coal, can also have a large impact on its transformation [17]. The 
elements associated mostly with the coal organic and sulphide fractions tend to vaporize first, 
and then are easily adsorbed on fine particles during flue gas cooling. In contrast, elements 
combined with the discrete mineral matters are more likely to remain in the ash matrix [18]. 
1.3 Emission of Trace Elements from Gasification Plants 
1.3.1 Trace element behaviour during gasification 
Trace elements are introduced into the gasification process primarily in the coal, apart from a 
few elements introduced in additives (such as Mn and Mg). Generally, trace elements can be 
distributed to one of three residue streams of the gasifier. They can be retained in the gasifier 
bottom slag/ash, they can leave as fine ash mainly collected in gas cleaning plant or as 
volatilised substances which can leave with flue gases. Figure 1-2 shows the fate of volatiles 
and other chemical species within a gasification process. 
8 
Chapter 1 Background 
Figure 1-2 Fate of volatile species during the gasification process [15] 
A similar categorisation has been proposed for trace element behaviour in conventional 
combustion systems [15]. Group 1 elements will generally remain involatile and are retained 
in the slag and coarse ash; Group 2 elements may partially volatilise and then condense on 
fine particulates collected in the gas cleaning system [concentration increasing with 
decreasing particle size, hence increasing specific surface area]; whilst Group 3 elements will 
volatilise but not condense easily and may thus escape the plant in the vapour phase [15]. 
However, gasification conditions differ significantly from combustion conditions. The 
reducing atmosphere, gas phase composition, high pressure and lower temperature of gasifier 
affect the volatility of trace elements and the species formed. Trace elements are generally 
more volatile under gasification condition because volatile gaseous compounds such as 
chlorides, fluorides, sulphides and hydroxides are more stable in reducing gases, whereas less 
volatile salts such as oxides and sulphates are present in oxidising gases [19,20]. In addition, 
those trace elements that can form hydrides in the chemically reducing conditions of syngas, 
such as B2H4, SeH2, AsH3, and transition elements that can form organometallic species, such 
as Fe and Ni carbonyls, may also show increased volatility [21 ]. 
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Some trace element may be enriched on the fine-grained particles by a 
volatilisation/condensation mechanism. During combustion or gasification, volatile species 
are vaporised and later, as the temperature falls, they can condense out of the vapour phase on 
the surface of ash particles. The smallest particles represent a greater fraction of available 
surface area than they do of total mass. Therefore, on a mass basis, there appears to be 
`preferential enrichment' on the smallest particles. These small particles are problematic 
because they are most likely to pass through particulate control systems to atmosphere. 
1.3.2 Trace element concentration in gasification plant 
As far as we know, there are no data available regarding the trace element concentration 
measured in the gas stream from IGCC power plants. However, information on the fraction of 
trace elements partitioned in the raw gas has been estimated by analysing the residues. 
Analytical investigations of the trace element content on gasifier slag and particulates have 
been carried out in order to study the effect on the particulate recycling on the relative 
distribution of trace elements in the system [22]. Results have shown that if 90% of the 
particulates are recycled to the gasifier, 25%, 20% and nearly 100% of arsenic, cadmium and 
mercury, respectively, become enriched in the raw gas. Work conducted on a bench-scale 
entrained flow-gasifier for the prediction on the fraction of trace elements vaporised from an 
IGCC plant, also reported that 100% of mercury would remain in the gas phase. 53% of 
arsenic and 20% of cadmium where predicted to be present in the stack emissions [23]. 
Recent analysis of the trace element concentration in the fly ash and slag samples from the 
Puertollano IGCC plant has classified mercury as a high volatile element (up to 99% in gas 
phase) and arsenic and cadmium as moderately volatile elements (up to 50% in gas phase) 
[24]. 
Experiments using an entrained flow reactor to simulate an atmospheric pressure entrained 
flow gasifier showed that, at 1450°C, 40% of the elements As, Sb, Pb, Se and Hg in the coal 
were vaporised and were enriched on the smallest particulates. Under gasification conditions, 
any arsenic vaporised in the gasifier would remain in the vapour phase during hot gas 
cleanup, for example using candle filters at 500-600°C and 1-2 MPa [23]. 
The distribution of trace elements on a2 MW air blown fluidised bed gasifier operated at 
960°C and 1.3 MPa and equipped with hot gas clean up was also investigated. Volatile 
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species such as Hg and Se were only detected in the syngas, whilst Cd and Pb were 
concentrated in the fine dust and were removed to some extent by the hot gas filter. A 
reduction in hot gas filter temperature to 450°C was seen to substantially reduce Pb emissions 
in the syngas, indicating increased condensation [25]. 
Particulate recycling employed in some gasification systems is considered to alter the 
distribution of trace elements. As the quantity of particulates captured in the gas cleaning 
plant decreases, more of the volatile trace elements may be captured and trapped in the slag 
which is more resistant to leaching. However levels of certain elements such as As Cd, Hg 
and Sb can become more enriched in the flue gas [15]. Figure 1-3 shows the distribution of 
trace elements between residues and raw gas in an entrained-flow gasification process with 
and without particulate recycling. 
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Figure 1-3 Relative distribution of trace elements in a gasification system [ 15] 
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1.3.3 Thermodynamic equilibrium predictions for trace element partitioning 
It is difficult to conduct measurements under the extreme conditions within a gasifier and also 
there is a very limited number of full-scale facilities available to undertake experiments. 
Therefore, the prediction of trace element mobility using thermodynamic equilibrium 
modelling appears to be a good option. 
Thermodynamic equilibrium calculations were performed to identify the distribution and 
possible forms of potentially toxic and corrosive trace elements produced in the gasification 
process [21]. From these thermodynamic calculations, selenium and mercury have been 
classified as elements mainly present in the gas phase under most conditions. Arsenic, 
cadmium, lead and zinc would be totally or partially in the gas phase at low temperature gas 
cleaning conditions (<500°C). Table 1-4 summarise all these considerations. 
Reed et al have predicted Hg, Se, As, Cd to be vapour below 400°C in gasification systems. 
These trace elements could theoretically pass through the hot fuel gas path. However, their 
fate depends on the compounds formed, for example any calcium arsenate present would 
condense. Zn and Pb were predicted to condense on cooling to 600°C and 400°C respectively 
[26,27]. 
Lyyranen et al have studied the behaviour of seventeen trace elements during pressurised 
fluidised bed combustion and gasification of coal. They also found As, Hg and Se to be very 
volatile in pressurised gasification and not likely to condense in the temperature range 
considered. Cd, Pb and Zn appear to show intermediate behaviour and to condense at about 
500-600°C [28]. 
In general, despite some discrepancies due to differences between the systems studied and 
modelled, it is clear that the most problematic elements in terms of environmental control are 
mercury, arsenic and selenium. A large proportion of the inventory of these elements in the 
gasifier fuel is likely to be emitted from the gasifier in the vapour phase. Table 1-4 summarize 
the proposed behaviour, in a gasification atmosphere, of six trace elements identified as being 
problematic by previous authors. 
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Table 1-4 Classification of six selected trace elements according to different authors 
Element ab 
Totally or partially Arsenic Vapour (<400°C) Vapour (<500°C) 
Totally or partially Cadmium Vapour (<400°C) Vapour (<500°C) 
Lead Totally or partially Condensed on cooling Vapour (<500°C) to 400°C 
Mercury 
Vapour under most Vapour (<400°C) 
conditions 
Selenium 
Vapour under most Vapour (<400°C) 
conditions 
Totally or partially Condensed on cooling Zinc Vapour (<500°C) to 600°C 
C 
Vapour under most 
conditions 
Condensed on cooling 
to 500°C-600°C 
Condensed on cooling 
to 500°C-600°C 
Vapour under most 
conditions 
Vapour under most 
conditions 
Condensed on cooling 
to 500°C-600°C 
a-[21] 
b- [26,27] 
c- [28] 
1.3.4 Thermodynamic equilibrium predictions for trace elements speciation 
Elemental mercury vapour in the gas phase [Hg°<g>] is expected to predominate in the 
reducing environment of gasification processes [23,29,30]. However, HgS can condense at 
lower temperatures if H2S is present in the gas atmosphere. Also, the H2S(g) and Hg content 
in the system are found to increase the temperature at which HgS is formed [30]. At 
temperatures below 200°C, Hg(CH3)2<g> may also be present in a gasification atmosphere 
[21]. 
The equilibrium composition of cadmium species depends on the temperature and the gas 
phase atmosphere. Cd°<g> is the dominant species at temperatures higher than 500°C. At 
lower temperatures and when H2S<g> is present in the gas atmosphere, the condensed CdS 
could be the dominant species. If the gas atmosphere contains HCl<g>, the formation of 
CdCl2<g> could take place. 
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At temperatures higher than 1000°C, all the arsenic is present as AsO<g> and at these 
temperatures variations in gas atmosphere do not modify the equilibrium composition3 [21]. 
In the presence of H2S<g> and between 500°C and 800°C AsO<g>, AsH3<g>, Aso<g> and 
Ase<g> are expected to form in the gas phase. However, if the gas atmosphere does not 
contain H2S<g> the dominant species would be the condensed FeAs and FeAs2. At lower 
temperatures, Ase<g>, Aso<g>, AsH3<g>, FeAsS, FeAs and FeAs2 would be the most stable 
species. In an atmosphere free of H2S<g>, Aso<g> is not formed and FeAsS is reduced to 
FeAs and FeAs2. 
The dominant selenium species in the gas phase is H2Se<g> whatever the temperature or 
gasifier atmosphere [21,23,29]. 
Zn(g) is found to be the only species present in equilibrium at temperatures higher than 
1000°C [21,29]. At lower temperatures, and in the presence of H2S, only the condensed 
specie ZnS is stable. However, the presence of HCl<g> in the atmosphere may favour the 
formation of ZnC12<g>. 
At temperatures higher than 900°C, lead occurs totally as Pb<g>. When the atmosphere 
contains H2S<g>, the PbS<g> coexists with Pb<g> at temperatures higher than 700°C and 
with PbS between 500 and 600°C. PbCl<g> and PbC12<g> may be formed at medium 
temperatures (500°C-800°C) in the presence of HC1<g> [21,29]. Only the condensed species 
would be stable at temperatures lower than 200°C and atmospheric pressure [21 ]. 
1.4 Trace Element Emission Control in IGCC Gasification Plants. 
Integrated combined cycle gasification plant (IGCC) promises a major advance in clean-coal 
power generation technology. In addition to thermodynamic efficiency greater than traditional 
3 Equilibrium calculations in this work were carried with arsenic introduced at with pyrite 
FeAsS rather than in elemental form. 
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p. f. fired plant, IGCC promise a higher level of gas cleaning, hence lower environmental 
impact. An important advantage of the IGCC system is provided by the gas cleanup stage. A 
wide range of gas treatment processes are available from other applications, many of which 
are capable of delivering fuel gas with extremely low levels of undesirable constituents such 
as sulphur compounds. However, at present the majority of proven gas purification processes 
employ either aqueous solutions or low boiling organic reagents for gas scrubbing, and thus 
deliver cleaned gas at temperatures close to ambient. Consequently, until alternative high 
temperature, dry, gas processing techniques can be introduced commercially there are 
significant economic penalties in terms of plant complexity and overall thermal efficiency 
loss. 
1.5 IGCC Gas Cleanup Technology 
In a conventional cold gas cleaning system, the hot fuel gas is first cooled down to 250°C 
before passing through an initial particulate control stage of a cyclone or barrier filter in order 
to protect the turbine. It then passes through a series of venturi water scrubbers for the 
removal of nitrogen compounds, halides and any residual particulates or tar compounds 
before entering an acid gas treatment plant for the removal of sulphurous gases. COS present 
in the fuel gas is hydrolysed to H2S in a catalytic converter at around 180°C, where any HCN 
is also reduced to NH3. Thereafter, the fuel gas is cooled to around 40°C when condensed 
water and dissolved NH3 are separated off. H2S is then scrubbed from the fuel gas using 
solvents, such as 2-methyldiethanolamine (MDEA) [16]. 
Cold gas cleaning processes are well-proven technologies capable of removing impurities 
from fuel gas streams to levels below those typically required by the gas turbine 
manufacturers and environmental regulations. However, the use of wet scrubbers at low 
temperatures is a significant cycle efficiency penalty. Demonstration IGCC plants running 
currently have a net efficiency of around 42%(LHV) [31 ], which is not sufficient to compete 
with the best supercritical p. f. or pressurised fluidised bed combustion (PFBC) plants, both of 
which have achieved 47-48% efficiency and both of which have lower capital costs. 
The thermodynamics of combined cycle power plants require that sensible heat losses of the 
raw gas exiting the gasifier are kept to a minimum, consistent with the upper temperature 
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limit of the gas turbine (1200°C). In practice, this means that gas cleaning temperatures in the 
region of 500 to 600°C would be beneficial to cycle efficiency, since the cleaned gas could be 
combusted in air and passed direct to the turbine without dilution. Such operation would push 
the efficiency to around 50%. Figure 1.4 presents a simplified diagram of integrated 
gasification combined cycle showing the two gas clean-up configurations. 
At the moment, ceramic candle filter element failure from bridging, vibrations, or process 
upsets constrain the filtration temperatures in current full-scale demonstration plants to a 
maximum of 300°C [16]. Furthermore, the removal of sulphurous gases at high temperatures 
is also a major problem to progression toward hot gas cleanup. Desulphurisation using 
regenerable sorbents and ammonia removal by catalysis are currently under investigation but 
are still not demonstrated as reliable for gasification environments. 
Steam Steam 
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900°C (air) 
Gasifier Gas Cooling 
25 bar 
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Figure 1-4 Integrated gasification combined cycle power generation with cold gas cleaning and hot 
gas cleaning option. 
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1.6 Effect of Current Pollution Control Technologies on Trace Element 
Capture 
Most of the trace elements are trapped in the bottom slag/ash from the gasifier. In addition, 
the low temperature of the cold gas cleanup ensures that alkali metals and a major part of 
heavy metals are condensed and scrubbed out. However, metallic mercury, which is regarded 
as the element of greatest concern for environmental reasons, does not condense in the cold 
gas cleaning units, due to its high volatility. Thus in order to ensure a satisfactory level of 
mercury capture it is necessary to improve still further the effectiveness of existing emission 
control processes. However, as systems evolve towards high-temperature clean-up, control of 
volatile trace elements will become more of a problem. Elements such as arsenic, selenium or 
cadmium could still be vapour below 400°C and could theoretically pass through the hot fuel 
gas path, along with mercury [25,28]. 
1.7 Results to Date on Trace Element Capture on Sorbent Beds 
The high volatility and existence in the vapour phase of some trace elements such like 
mercury, selenium, arsenic or cadmium makes their control a very difficult task to 
accomplish. In principle, trace elements in the vapour phase can be condensed by lowering 
the temperature but this is undesirable from process efficiency consideration. Furthermore, the 
resultant particles may be in the submicron size range, and these particles are not effectively 
captured in conventional particulate control devices. Capture of these species on sorbents by 
physical or chemical means is therefore a very attractive alternative. An important advantage 
of IGCC systems over conventional combustion systems is that they offer the capability of 
removing pollutants from the compressed gas upstream of the gas turbine. If the trace element 
capture unit is incorporated into the existing control process, this will minimise the volume of 
gas that must be treated and thus the cost of removal. In addition, the elevated pressure (25 
bar) of the fuel gas is an advantage as there is less volumetric flow and a small extra pressure 
drop could be tolerated, allowing the use of packed sorbent beds. A list of sorbents that can be 
used for trace element removal is shown in Table 1-5 [32]. Some are of limited practical use 
because of their low operating temperatures, harmful secondary effects, and high cost [15]. 
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1.7.1 Activated carbon sorbents 
Studies on activated carbon conducted to date have specially focused on mercury. It is now 
commonly known that Hg° is more difficult to capture than its oxidised form, due to its higher 
volatility and insolubility in water. Untreated, or virgin, activated carbon is therefore quite 
inefficient for the removal of elemental mercury at temperatures typical of flue gas streams. If 
the physical properties of the sorbent such that surface area and microporosity count in first 
place for physical adsorption at low temperature, once the temperature is increased the 
chemical properties of the sorbent become more than important to firmly capture the trace 
elements. 
The adsorption of elemental mercury onto activated carbon can be improved through the 
introduction of various impregnants onto the carbon surface, such as elemental sulphur, iodine 
and chlorine. Removal of mercury from the flue gas by activated carbon is thought to take 
place via its reaction with surface functional groups (SFGs). Mercury-reactive surface 
functional groups on activated carbons may include oxygenated organic species and/or 
functional groups containing inorganic elements such as chlorine (Cl) or sulphur (S). 
Oxygenated SFGs are formed through oxygen chemisorption on the surface of activated 
carbon, forming organic carbon-oxygen functional groups [33]. 
Zeng et al. compared the adsorptive capacity for mercury vapour (Hg°) between a virgin 
activated carbon and an activated carbon treated with 5% zinc chloride solution (ZnC12). After 
8 hours testing time at 150°C, the ZnC12 impregnated activated carbon exhibited a 
considerably higher sorption capacity than the untreated activated carbon: 850 µg. g-' against 
150 µg. g-' [34]. They also proposed a chemisorption mechanism of elemental mercury onto 
the chlorine active sites of the impregnated carbon. 
Granite et al. compared the mercury sorption capacities, at 140°C in argon, of commercially 
available un-promoted activated carbons with sulphur, chlorine, iodine and nitric acid 
promoted activated carbons. The un-promoted activated carbon exhibited a significantly lower 
maximum mercury capacity [around 0.4 mg. g-1] compared to the promoted ones, which 
reached maximum capacities varying between 3.5 and 4.8 mg. g-1. These results suggested that 
a combined physical/chemical adsorption process was occurring for the chemically promoted 
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activated carbons as opposed to the purely physical adsorption process for the unpromoted 
one. XPS studies were conducted on spent iodated activated carbon after a3 day run: the 
mercury species on the surface were found to be in the oxidized form of HgI2 and no 
elemental mercury could be detected [35]. 
Vidic et al. also came to the conclusion that chloride-impregnation of activated carbon 
significantly enhanced mercury capture. However, observations of oxidised forms of mercury 
in the effluent from their fixed-bed adsorber lead them to the conclusion that the adsorption of 
elemental mercury onto the chloride-impregnated carbon was unstable, relative to that of the 
sulphur-impregnated carbons. They suggested that this could be the result of weak carbon- 
chloride bonds or weak chloride-mercury bonds, or both [36]. 
Even though the nature of surface functional groups containing chlorine and sulphur is not 
well understood, the beneficial role of these two elements in the capture of mercury species is 
well established [33]. 
Granite et al. also emphasized that results obtained from their laboratory-scale packed bed 
unit required judicious interpretation when attempting to extrapolate their relevance to 
industrial-sized combustors. They found that duct injection at large sorbent: mercury ratios 
allowed them to achieve higher levels of removal of mercury from the flue gas [35]. Pavlish et 
al. published an extensive review on mercury control options in coal-fired power plant. In real 
plant conditions, the acid gases present in the flue gas are seen to further promote the capture 
of mercury onto sorbents [37]. The acid gases play the role of an activating agent where, for 
example, N02 or HC1 are adsorbed onto the surface of the sorbent and then provide the active 
sites (electron sinks) for the oxidation and capture of mercury vapour. In a combustion 
atmosphere, and the presence of NO2, Hg° is catalytically oxidised on the surface to form non 
volatile mercuric nitrate Hg(N03)2, which is bound to basic sites on the carbon. This may also 
be the case in gasification systems. X-ray Absorption Fine Structure Spectroscopy (XAFS) 
analyses conducted by Huggins et al. on some activated carbons exposed to acid gas have 
shown that HCl was efficiently sorbed from the flue gas onto the surface of the active carbons 
[38]. 
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Wouterlood et al. also found activated carbons to be effective in capturing arsenic oxide 
As406 <g> from flue gas at 200°C. The amount of arsenic oxide captured by the activated 
carbons at breakthrough ranged from 24.54 to 45.45% of the weight of carbon. They also 
found that the amount of arsenic adsorbed increased with surface area, but not in a linear 
fashion probably due to differences in pore size distribution between samples [39]. 
Lopez-Anton et al. also tested activated carbons for their performance in capturing arsenic 
and selenium vapour species at 120°C [40]. Contrary to Wouterlood et al. they suggested that 
the retention of arsenic was not dependent on the porous texture of the carbons. Based on their 
results, they inferred that sulphur species do not have any influence on the arsenic and 
selenium capture on either of the activated carbons. On the contrary, they mentioned that 
calcium and iron contained in the sorbent could be responsible for the arsenic capture. 
1.7.2 Fly ash sorbents 
Fly ashes from coal combustion and gasification are cheap and widely available materials, in 
the form of fine particulates containing a small component of unburned carbon amongst 
aluminosilicate glass, quartz, mullite, haematite, magnetite, ferrite or rutile in various stages 
of transformation, depending on the coal origin and process conditions. In a medium 
containing metal species in the gas phase, this ash matrix is susceptible both to trace element 
condensation onto the finest particles, and also to gas-solid surface reactions. Carbon- 
containing fly ashes from pulverised coal combustors (PCC) have previously been tested as 
potential mercury sorbents. Granite et al. have compared several sorbents for mercury capture, 
including fly ashes [35]. When exposed to Hg° in argon at 140°C, the mercury capacity of fly 
ash was intermediate between un-promoted activated carbons and chlorine, or iodine, 
impregnated carbons, which performed best. 
Serre et al. tested various fly ashes for mercury capture; these had carbon contents ranging 
from 2% to 3 5% [41 ]. When tested at 120°C, the mercury sorption was found to increase with 
increasing surface area and carbon content, although not linearly with the latter. However, as 
the temperature was increased from 121 °C to 177°C, the amount of mercury adsorbed was 
decreased, suggesting that mercury was held by a physic-sorption process. 
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Hasset et al. further investigated the observed increase of mercury sorption with increasing 
carbon content in the ash. The inorganic and carbon fractions of the ash were separated using 
a laboratory-scale separation system and were tested for mercury capture. The mercury- 
sorbing capacity of the inorganic fraction was found to be extremely low compared to the 
amount retained by the carbon fraction [42]. The authors also mentioned that the amount of 
carbon remaining in the ash may not be a good indication of the capacity of the ash to capture 
mercury. There are several forms of carbon in the ash. A strong possibility exists that there 
are significant differences between the mercury-sorbing capacities of these various carbons 
[42,43]. 
Maroto-Valer et al. compared the mercury capture capacity of a fly ash with high carbon 
content (58%), before and after activation in a synthetic combustion gas atmosphere at 138°C 
[44]. The activated fly ash carbon sample appeared to have lower mercury capture capacity 
than its precursor fly ash carbon. The authors suggested that the activation process, conducted 
at 850°C, may have caused the loss of certain oxygen functional groups and also removed 
most of the F and Cl species from the surface of the sample. They therefore suggested that the 
oxygen functionality and the presence of halogen species on the surface of the fly ash carbon 
may promote mercury adsorption. They also mentioned that since the pore size of the fly ash 
carbon was larger, it had better mass transfer properties. 
Diaz-Somoano et al. also highlighted the ability of fly ashes to capture both arsenic and 
selenium from a simulated gasification product gas at high temperature (550 and 750°C) [45]. 
The arsenic and selenium vapour species were produced by heating solid, powdered As203 
and elemental Se. The fly ash captured 100% of the arsenic at both temperatures, whilst 50% 
and 83% of the selenium was retained at 550 and 750°C, respectively. Although the 
mechanisms of retention were not completely understood, it was suggested that arsenic and 
selenium had reacted with CaO and Fe203 particles on the ash surface. Thermodynamic 
equilibrium calculations had predicted that arsenic species such as Aso<g> and Ase<g> may 
react to form Ca(As02)2, FeAs2, FeAs or FeAsS. In a similar manner, Se may form CaSe and 
FeSe compounds. 
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Sterling et al. carried out X-ray powder diffraction on fly ash after exposure to arsenic vapour 
(As406<g>) at 600 and 1000°C. The sole presence of calcium arsenate in the sorbent 
suggested that calcium embedded in the fly ash reacted with the arsenic vapour [46]. 
In a more recent study, Diaz-Somoano et al. tested the performance of fly ash to capture 
cadmium at 750°C [47]. A capture efficiency of only 10.5% was achieved, never-the-less, 
maximum retention capacity of the fly ash [746 µg. g-1] was still much higher than that of the 
other sorbents tested (kaolin, limestone and alumina), which were of the order of 10 µg. g-. l 
Antonia Lopez-Anton et al. suggested that the unburned carbon content in the different fly 
ashes that they tested, at 120°C, did not greatly influenced arsenic and selenium retention 
[48]. However, when performing desorption experiments, at 120°C, on the exposed sorbents, 
they noted that arsenic was firmly bound onto the fly ash, since none was released, thus 
implying a strong association rather than mere physical adsorption. On the contrary, 90% of 
the adsorbed selenium was lost during thermal desorption. 
1.7.3 Calcium and silica-alumina based sorbents 
Uberoi et al. investigated the use of mineral sorbents such as silica, bauxite, alumina, 
kaolinite, emathlite and lime for the removal of cadmium chloride (CdC12<g>) [49] and lead 
chloride (PbC12<g>) [50] from high temperature flue gases (700-800°C). Although kaolinite 
showed a smaller sorption capacity for cadmium chloride than bauxite, these authors 
considered kaolinite to be more suitable in cases where no leaching from the spent sorbent can 
be permitted [49]. Kaolinite was also the most efficient in capturing lead chloride and showed 
very little water solubility afterwards. They found that the overall sorption process was a 
complex combination of physical adsorption and chemical reaction, and suggested that the 
cadmium/lead chloride species were forming cadmium/lead aluminio-silicate compounds with 
the sorbents. 
Jurng et al: compared inorganic sorbents, e. g. zeolite and bentonite, both with and without 
prior sulphur impregnation, with commercial activated carbon and wood char for mercury 
removal at 110°C [51 ]. They found that the capture efficiency of the inorganic sorbents was 
about half that of the activated carbon and the wood char [both exhibiting close to 100% 
capture efficiency]. There was no observable difference between the zeolite and bentonite or 
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between the virgin and impregnated sorbents. The authors suggested that physic-sorption may 
not be enough to capture highly volatile mercury vapour. However, they noted the 
encouraging performance of the wood char despite its having a specific surface area only one 
third of that of the activated carbon. 
Diaz-Somoano et al. tested the performance of limestone for the removal of arsenic and 
selenium from a simulated gasification atmosphere at temperature varying between 350 and 
750°C [52]. The limestone was found to be effective in capturing arsenic and selenium with 
efficiencies varying from 22 to 95% for arsenic, and 55 to 92% for selenium. In contrast with 
selenium, the presence of H2S in the gas atmosphere significantly decreased the amount of 
arsenic retained by the limestone. In addition, post-retention sorbent characterization showed 
that chemical reaction may be one of the mechanisms responsible for the capture of arsenic 
and selenium, with Ca(As02)2 and CaSe being the main compounds formed. 
Ghosh-Dastidar et al. also conducted sorption experiments for selenium oxide species 
Se02<g> onto hydrated lime, both at medium temperature, 400-600°C, and at high 
temperature, 800-1000°C [53]. They concluded that hydrated lime was effective in capturing 
selenium oxide over the medium temperature range. Further, they suggested that the capture 
mechanism was not a simple physical adsorption, but a chemical reaction between CaO and 
Se02 since XRD analyses confirm the presence of a calcium selenate product. Also the 
amount of selenium oxide captured by the hydrated lime at the higher temperature was 
significantly reduced, from 15 mg. g 
1 to 0.6 mg. g 1, due to the dissociation of the reacting 
product. 
Mahuli et al. also considered hydrated lime as being efficient for the removal of arsenic oxide 
As406<g> species from simulated flue gas streams at high temperature [54]. XRD 
diffractograms of the exposed hydrated lime showed that the arsenic oxide was captured by 
forming an irreversible calcium arsenate product [Ca3(AsO4)2] at 600 and 1000°C. Jadhav et 
al. also found lime to be effective in capturing arsenic oxide vapour over a wider temperature 
range, 300-1000°C [55]. 
Yao et al. tested several inorganic sorbents for lead and cadmium chloride 
(PbC12, CdC12) 
removal during sewage sludge combustion at 
800°C [56]. Amongst all the sorbents, kaolin 
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was found to be the most effective, with 40% capture efficiency for lead chloride and 45% for 
cadmium chloride. The XRD spectra suggested the presence of alumino-silicate products of 
PbO. A1203.2SiO2 and CdO. A1203.2SiO2 on the surface of the kaolin. 
Table 1-5 Adsorbents used for removal of heavy metals from flue gas or waste gases [32] 
Adsorbent For removal of Temperature range 
Adsorbent based on zeolites 
- Molecular sieves impregnated with sulphur Hg -40 + 100°C 
(PuraSiv-process, Union Carbide) 
- Ag- and Hg-ion exchanged zeolites Hg -20-400°C 
- Molecular sieves impregnated with metal iodides Hg low temperature 
Adsorbent based on activated carbon 
- Activated carbon Hg, Cd, Pb <-3000C [SO, - and NO, -removal processes 
AFA-, Das Bergbau-Forshung UHDE-process] 
- Activated carbon impregnated with sulphur Hg (Pb, Cd) < 100°C 
(commercial grades Chemviron) or sulphides 
- Activated carbon impregnated with iodides Hg (Pb, Zn) low temperatures 
(KI) (commercial grades) 
- Activated carbon impregnated with chlorine 
or chlorides (CuC12, FeC13) 
- Oxidised activated carbon Hg 
Siliceous materials V, Pb, Ni (Cd, Hg) 
- Magnesium silicates V, Pb, Ni high temperatures <850°C 
- Aluminum silicate V, Pb, Ni (Cd) -650 - 1000°C 
Hg low temperatures 
- Calcium silicates V, Pb high temperatures 
- Silica and sand Pb, V, Zn high temperatures 
(+small Na-, Al-, Ca-, Mg-, or Ti-additive) 
- Mixed silicates P V, Ni (Hg, 
Cd) high temperatures 
- Silicate-fly ash mixtures Hg, Pb, V, 
Ni, Cd 
- Impregnated siliceous materials Hg, Cd < 100°C 
(S-impregnated) Hg g 
Adsorbents based on alumina 
- Activated A1203 gel 
Pb -500 - 700°C 
- Steel wool coated with alumina 
Pb 
- A1203 impregnated with alkali Pb 
metal carbonate or phosphate 
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Table 1-5 continued Adsorbents used for removal of heavy metals from flue gas or waste 
gases [32] 
Calcium compounds 
- Ca(OH)2-fly ash mixture 
- Limestone-fly ash mixtures 
- Limestone-silica mixture 
- Ca(OH)2 + Sn-powder 
- CaC12 
Hg 
(Zn, Pb, Cd, V) 
V, Ni 
Hg 
Hg, Zn 
<-3 00°C 
high temperatures 
300 - 400°C 
- Limestone 
Other metal compounds 
- Magnesium oxide or hydroxide 
- Magnesium oxide 
- Chromium compounds 
- Chromium oxide gels 
- Nickel compounds 
- Iron compounds 
FeC13 
Flue dust or blast furnace or electric furnace 
Iron ore 
Blast furnace flue dust + limestone 
As (Hg, Pb, Cd, V) 
V, Ni 
V, Hg, Pb 
Hg, V 
Hg 
V, Hg, As 
Hg, V, As 
high temperatures 
<550°C 
1 mg Hg/g (25°C) 
High temperature 
1.8 Objective of the present research 
The overall project aim is to contribute to the fundamental scientific understanding of 
methods for reducing the release of toxic trace elements to the environment, from the exhaust 
gases of IGCC power plants. 
The first primary objective is to study trace element speciation under gasification conditions, 
using thermodynamic equilibrium modelling. As mentioned in Chapter 1, in order to 
compensate for the lack of experimental data from gasification plant, various studies have 
been conducted using thermodynamic equilibrium calculations to predict elemental 
speciation. In the current project, the MTDATA software developed by The National Physical 
Laboratory (London, UK) has been used to study the speciation of selected trace elements 
during coal gasification processes, as a function of both temperature and acid gas content 
(H2S, HCI). The thermodynamic equilibrium predictions obtained from MTDATA will be 
discussed and compared to the results obtained from other computer programmes. 
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Furthermore, the relevance of thermodynamic equilibrium modelling to the simulation of 
gasification processes will be assessed by comparison with experimental data available in the 
literature. The modelling work will be further extended to predict the partitioning of selected 
trace elements along the gas cooling path of the Puertollano IGCC plant, for which 
confidential data have been made available to the project. The input conditions for the model 
will be the fuel blend composition and operating conditions provided by ELCOGAS, the 
operator of the Puertollano IGCC. 
The second primary objective is to experimentally test a range of sorbents for their ability to 
capture mercury, arsenic and cadmium from the raw gas of an IGCC, using a thin packed bed 
of sorbent exposed to a simulated gas stream. Carbon, fly ash and alumino-silicate sorbents 
have been tested. The leading research area for the removal of trace elements from IGCC raw 
gas is currently packed bed sorbent technology. Here, activated carbons have proved to be 
effective in capturing trace elements from both combustion and gasification systems. 
Commercially-available activated carbons are usually made from lignite, but can also be 
produced from the pyrolisis and activation of other organic materials. Most researchers now 
agree that the chemical composition of a sorbent is important, in addition to the purely 
physical properties. Scrap tyre rubber and sewage sludge are waste materials widely available 
which may contain important chemicals for trace elements capture, e. g. sulphur, which is 
introduced in the vulcanisation stage during rubber production. Sulphur and chlorine present 
in activated carbons have been identified as providing active sites for mercury oxidation and 
capture. In the current project, pyrolysed char and activated carbons will be produced from 
sewage sludge and scrap tyre rubber. These novel carbons will be tested and compared for 
their trace element capture capability with a commercial activated carbon well proven for 
mercury capture on full-scale boilers in the USA [Norit Darco "Hg"]. Combustion and 
gasification fly ashes will also be studied for their capability to remove trace elements, as will 
kaolinite, an alumino-silicate sorbent previously found effective in capturing cadmium. The 
composition of fly ashes is not dissimilar to kaolinite and their widespread availability make 
them potentially interesting sorbents 
Within the experimental programme, a special effort will be made to conduct trace element 
capture in a gas stream consistent with that of an actual IGCC plant. By contrast, much of the 
previous work on trace element capture by sorbents has been conducted with oxide or 
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chlorine species, and applied to combustion atmospheres. A novel sorbent bed reactor for 
trace element adsorption studies will be designed and manufactured, such that the desired 
trace element vapour can be generated in an inert gas and conveyed to the sorbent bed, 
without by-passing. The capture of trace elements will be studied as a function of 
temperature. The adsorption experiments will be conducted on three trace elements identified 
as being of major environmental concern: arsenic, mercury and cadmium. It would also have 
been interesting to study selenium, one of the trace elements most likely to pass through the 
fuel gas cooling system in the vapour phase, as hydrogen selenide (H2Se). However, hydrogen 
selenide is an extremely poisonous gas, toxic when inhaled at very low concentrations (1.5 
ppm"). The safety regulations of Imperial College London did not allow experiments with this 
gas on the project equipment, for fear of possible leakage into the laboratory. 
The third primary objective of the project is the provision of improved understanding of the 
capture mechanism that takes place within the various sorbents tested. An attempt will be 
made to identify the mechanisms that bind trace elements onto the sorbent matrix through the 
analysis of the adsorption test data, mass transfer calculations, and both physical and chemical 
characterisation of the sorbents. A variety of analytical techniques including BET surface 
area, scanning electron microscopy (SEM), energy dispersive X-ray (EDX), X-ray 
fluorescence spectroscopy (XRF) and X-ray powder diffraction (XRD) will be used to 
characterise the as-received sorbents. Some of these techniques, e. g. SEM-EDX and XRD, 
will then be applied to sorbents after exposure to trace element vapour, with the objective of 
gaining information on the chemical and physical modification of the sorbent by interaction 
with the trace element. XRD will be used here to investigate the nature of the principal 
crystalline phases formed by sorption onto the sorbent. In addition, the influence of the 
interstitial gas velocity within the sorbent bed, and the trace element concentration in the gas 
stream, upon the capture efficiency will be studied for the case of mercury. Finally, an attempt 
will be made to identify the dominant process controlling adsorption by calculating the rates 
27 
Chapter 2 
Analytical Techniques 
2.1 Sample preparation: digestion methods 
The quantification of trace elements in solid products by ICP-AES or ICP-MS requires that 
the sample be dissolved in an acidic solution. This is usually carried out in the presence of 
strong acids, which also serve to dissolve the trace elements. Two digestion methods are 
commonly used in sample preparation [57-59]. Wet-ashing is an open digestion method, 
carried out on a hot plate and in a furnace. It has been proved to be very effective for the 
extraction of trace element in coal or ash samples. This method consists of successive 
digestion steps involving several acids [H2SO4; HF/HC1O4; HN03] to dissolve and destroy the 
minerals and carbonaceous materials and to extract completely the whole range of trace 
elements contained in the organic and inorganic constituent of the sample. In our study, wet- 
ashing is suitable for recovering the less volatile element cadmium trapped in the sorbent. 
However, for the more volatile elements, mercury and arsenic, it gives rise to loss of vapours 
containing these trace elements at the high temperatures required (up to 250°C on the hot 
plate and 500°C in the furnace). The second method is a closed digestion technique developed 
for recovering more volatile elements (As, Se) which involves the use of a microwave oven 
and a pressure vessel to contain the sample and acids, minimising loss of vapours containing 
the elements of interest. However, whilst wet-ashing provides total sample solution, using HF 
to break down refractory silicates, microwave digestion merely leaches the sample with 
HNO3. Thus elements held in silicates may not be fully released in microwave digestion. 
The exact digestion procedures used in this work for the extraction of arsenic and cadmium 
will be described in detail in sections 6.2 and 8.2 respectively. 
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2.2 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP- 
AES) and Mass Spectroscopy (ICP-MS). 
The solutions obtained following the digestion of the sorbents were analysed for their trace 
element content either by ICP-AES or ICP-MS. The ICP-AES analyses were performed in the 
Chemical Engineering Department of Imperial College London, using an Optima 2000 DV 
instrument from Perkin Elmer. The ICP-MS analyses were performed on a PQ2+ STE 
instrument from Fisons Instruments, available at the NERC-funded facility at the University 
of Kingston. In this section, only a brief description of these instruments is given; more 
detailed information can be found elsewhere [60,61]. 
In atomic emission spectroscopy (AES), the sample is excited in a high temperature plasma to 
produce visible light line spectra characteristic of the element present. Concentrations of the 
elements present are determined by comparing the intensities of the line spectra obtained 
against the spectra from standard solutions. It allows the determination of 20 to 60 elements 
simultaneously with detection limits down to low µg. l-1 levels (typically 0.1-100 µg. l-1). ICP- 
AES unfortunately lacks the sensitivity and often the selectivity to accurately determine trace 
element content in very dilute solutions. 
In contrast ICP-MS is extremely sensitive and its efficient ionisation by means of a plasma, 
coupled with the sensitive detection of the mass spectrometer, results in part per trillion (ppt) 
detection limits (<0.001-0.1 µg. 1-1) that are generally 2 to 3 orders of magnitude lower than 
ICP-AES. Similarly to ICP-AES, the quantification of the trace element is obtained by 
external calibration curves using multi-element standard aqueous solutions. 
Although ICP-MS is a very sensitive technique, it also has some limitations affecting the 
interpretation of the results. The cations produced in the plasma are separated in the mass 
spectrometer according to their mass-over-charge (m/z) ratio. This classification has a major 
limitation since it is possible for two or more species to be detected at the same m/z. For 
example, "Isobaric" interferences may occur when residual Cl- anions are present in solution 
when HC1 or HC1O4 are used during the sample preparation. In the case of arsenic, 
polyatomic ion species can be formed between argon and chlorine ions resulting in interfering 
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peak in the mass spectrum at a mass equal to their combined atomic mass: [40Ar35Cl] and As 
will have the same m/z ratio of 75. 
ICP-MS is also relatively intolerant to high levels of total dissolved solids (TDS), which 
should generally be below 0.02% (200 ppm) in the final solution. If the solution is not diluted 
sufficiently, the conditions required to generate a stable plasma are not met and the ionisation 
is not as effective. Significant signal suppression can be observed for many elements resulting 
in the production of an ion beam not representative of the whole solution initially drawn up 
into the plasma. ICP-AES is far less disturbed by the dissolved solid content of the sample. 
Therefore, the possibility of introducing more highly concentrated solutions in the ICP-AES 
instrument (generally 50 to 100 times more concentrated) often compensates for its poorer 
detection limits. 
Two important notions have to be introduced for ICP analyses: 
The dilution factor (DF) is the correction factor applied to the ICP results (concentration in 
liquid), to obtain the concentration in the solid. The dilution factor results from the sample 
preparation (digestion procedure) and the dilution required prior to analysis such that the total 
dissolved solid satisfy the ICP requirement. The dilution factor can be defined as follow: 
DF=VS' xd 
MS 
Where : VS is the volume of sample in ml 
d is the dilution multiple 
MS is the mass of sample in grams 
Eq. 2-1 
The limit of detection (LOD) is the lowest value at which one can confidently say the element 
exists in the sample. Taking into account both instrumental sensitivity and sample 
preparation, the LOD is calculated as the concentration equal to three times the standard 
deviation (36) of the background signal (procedural blank), multiplied by the dilution factor, 
and are quoted as concentration in the solid for each preparation procedure. The LOD may be 
defined as follow: 
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LOD =3x 
(STDRCPB ) 
(RCIOPpb - RCB ) 
x [Std lO ppb 
]x DF Eq. 2-2 
Where : STDRCPB is the standard deviation of the raw counts of the procedural blank 
RCloppb is the mean of the raw counts of the 10 ppb calibration standard 
RCB is the mean of the raw counts of the calibration blank 
Stdloppb is the concentration of the calibration standard 10 ppb solution 
DF is the dilution factor 
The accurate measurement of the trace element content in a solid is therefore dependant on 
these two parameters. The dilution factor has a direct consequence on the lowest values 
detectable in terms of initial content in the solid matrix. Indeed, in the case where a dilution 
factor DF=5000, the lowest concentration of the trace element in the solid (LOD in the solid) 
correspond to 5000 times the lowest value detected in solution (LOD in the solution). 
2.3 LECO Mercury analyser 
As mentioned in section 2.1, analyses of trace element content in a solid by ICP-AES or ICP- 
MS requires sample preparation. However, due to its high volatility there are unavoidable 
losses of mercury vapour during the digestion procedure of the sample. 
The mercury captured by the sorbents was determined using a Leco AMA 254 analyser. This 
atomic-absorption based instrument was designed for the rapid mercury analysis in liquids 
and solid samples without pre-treatment. In this instrument, the mercury is released from the 
sample by thermal treatment in oxygen. A catalytic stage ensures complete oxidation of the 
combustion products which then pass over a gold amalgamator. After purging of the 
instrument, the mercury trapped on the surface of the gold amalgamator is thermally released 
for quantitative determination, at a wavelength of 254 nm, by a dedicated atomic absorption 
spectrophotometer. 
Previous experience [62] in analysing different coals and coal ash samples, indicates that the 
instrument responds non-linearly to total mercury loadings below 3-4ng. In the case of very 
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low mercury contents, with a special preconcentration program, the Leco AMA 254 analyser 
can determine concentrations as low as 6-7 ppb. 
2.4 Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray 
(EDX) 
The Scanning Electron Microscopy (SEM) technique has been used to gain information on 
the morphological features of sorbent particles. SEM is capable of producing high-resolution 
images (about 3nm) of a sample surface with a large depth of field. SEM uses electrons rather 
than light to form characteristic three-dimensional appearance images, useful for judging the 
surface structure of the sample. Description of the principle of the SEM technique is given 
elsewhere [63]. Preparation of the samples is relatively easy since most SEMs only require the 
sample to be conductive. If a sample is not conductive, this can be overcome by applying a 
film of gold or carbon over the surface of the sample. Standard coating thicknesses are in the 
range of 150 Angstroms. 
Energy Dispersive X-ray analysis has also been used in conjunction with SEM for the 
chemical characterisation of the sorbents. Combined with SEM, the EDX technique analyses 
the x-rays emitted from the atoms of the samples occurring after their excitation by the SEM 
electron beam. The x-rays emitted have an energy characteristic of the parent atom. 
Therefore, by collecting and analyzing the energy of these x-rays, the constituent elements of 
the sample can be determined. 
One major disadvantage of SEM-EDX is that only a few particles can be observed in each 
analysis; thus individual images may not be representative of the whole sample. Uncertainty 
can only be reduced by increasing the number of analyses. 
SEM-EDX analyses of the sorbent were performed at the Materials Department at Imperial 
College London. The scanning electron microscope used was a JEOL model JSM-840A with 
an accelerating voltage of 20 keV. The EDX was from Oxford Instruments and the software 
used for the peak analysis was INCA. Before introduction into the instrument, samples were 
adhered to carbon stickers which were in turn mounted on 10 mm diameter aluminium JEOL 
type stubs. 
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2.5 X-Ray Fluorescence spectroscopy 
In order to make a comparison with EDX results, X-Ray Fluorescence spectroscopy semi- 
quantitative analyses have also been performed on the sorbents to determine their elemental 
composition. XRF is a non-destructive technique for the analysis of elements of the Periodic 
Table from Beryllium (Be) to Uranium (U) in the concentration range from 100% down to 
low ppm level (mg. kg-1). No standards are required for the semi-quantitative analysis. The 
concentrations are computed from the measured intensities of the spectra, using a standard 
free method (default calibration). During X-Ray Fluorescence analysis, the sample is 
irradiated from an x-ray tube or a radioactive source. When an atom is excited by an incident 
x-ray photon, its de-excitation emits an X-ray photon, called a "fluorescent photon", with a 
specific energy level characteristic of the element present; the intensity of light emitted being 
proportional to the element concentration. 
The X-Ray Fluorescence analyses of the sorbent were conducted on a Bruker AXS S4 
Explorer instrument. It is important to note that the X-ray detector of the S4 Explorer was 
unfortunately not suitable for the measurement of elements lighter than Fluorine. 
2.6 X-Ray Powder Diffraction 
X-ray powder diffraction has been used to complement SEM-EDX and XRF, in order to gain 
information on the structure and crystalline composition of the sorbents. Detailed information 
on the technique can be found in the literature [63,64]. XRD analyses were performed at the 
Materials Department of Imperial College London. The X-ray diffraction analyses of the 
sorbents were conducted with a Philips PW1700 series Automated Power Diffractometer, 
which used Cu Ka radiation at 40 kV/40 mA with a secondary graphite crystal 
monochromater. Each sample was placed in a zero background substrate (single silicon 
crystal substrate), and the data were obtained over a 20 = 5-80° range (steps of 0.04°), with a 
time per step of 2 s. A search match was later performed on the results by using "Philips 
X'Pert Graphics and Identity" software in conjunction with the International Center for 
Diffraction Data (ICDD) database to identify each crystalline phase in the sorbents. 
33 
Chapter 2 Analytical Techniques 
2.7 Thermogravimetric analysis (TGA) 
The operating principle of the TGA technique is the measurement of weight change in a 
sample material as a function of temperature or time, due to moisture, decomposition and 
other reactions e. g. pyrolysis or combustion (if air or oxygen is used). In this project, a Perkin 
Elmer thermogravimetric analyser (TGA 7) was used to measure precisely the amount of the 
trace element solid source that was vaporised during the sorbent testing for arsenic and 
cadmium experiments. This specific TGA instrument had a sensibility of ±3 µg. During 
experiments, a flow of helium is used to keep the ultra-microbalance mechanism under a 
stable, inert atmosphere and free from exposure to any corrosive gaseous products. Before 
entering the system, the flow of nitrogen, used to purge the sample, passed through moisture 
and oxygen traps (preventing any combustion). Weight loss of the sample was recorded 
continuously. 
2.8 Absolute density, porosity and specific pore volume measurements 
Information on the physical characteristics of sorbents, such as the surface area or porosity is 
needed to understand the factors that make a sorbent effective for trace element capture. The 
porosity of the sorbent can be calculated from a measure of both absolute and envelope 
density (g. cm-3) on the same material using the following equation 2-3. 
Porosity =1- 
envelope density 
absolute density 
Eq. 2-3 
The specific pore volume (cm3. g-1) of the sorbent can then be determined following equation 
2-4. 
Specific pore volume = 
porosity 
envelope density 
Eq. 2-4 
The absolute density (g. cm-3) is obtained when the volume measured excludes the pores as 
well as the void spaces between particles within the bulk sample. The absolute density is 
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obtained by measuring the amount of displaced helium gas using the AccuPyc 1330 
Pycnometer from Micrometeric Instrument Corporation. Gas molecules rapidly fill the tiniest 
pores of the sample; only the truly solid phase of the sample displaces the gas. The pressure 
change observed upon filling the sample chamber and then discharging it into a second empty 
chamber allows computation of the sample solid phase volume. 
The GeoPyc 1360 Envelope density Analyser from Micrometeric, measures the envelope 
density' (g. cm-3) of the sorbent by measurement of the volume of the solid phase following 
compression. Envelope density is determined for porous materials when only pore spaces and 
small cavities within the material particles are included in the volume measurement. 
Envelope density values are less than absolute densities when the material is porous; values 
for absolute and envelope density are equal for non porous materials. 
2.9 Brunauer-Emmet-Teller (BET) surface area measurement 
A Micromeritics 2000 ASAP surface area analyser was used to gain further information on 
the surface area and pore size distribution of the sorbent. The method is based on the physical 
adsorption of nitrogen on the solid surface at 77K. Approximately 200 mg of sample were 
used for each analysis. Prior to analyses, the samples were degassed for 2h at 105°C to 
remove moisture and adsorbed gases on the sample surface. Then the amount of nitrogen 
adsorbed/desorbed, as the partial pressure was gradually increased/decreased, was measured. 
The surface area was then estimated by the method developed by Brunauer, Emmet and Teller 
(BET method). The micropore area and micropore volume of the sorbent were determined 
according to the thickness plot (T-plot) method. Pore size distributions were obtained by the 
BJH method (developed by Barret, Joyner and Holenda) based on the desorption isotherm. 
1 Envelope density is also known as apparent density 
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Preparation and Properties of the Sorbents Tested in 
this Work 
3.1 Pyrolysis char and activated carbon produced from scrap tyre rubber 
and sewage sludge. 
Sorbents produced from scrap tyre rubber or sewage sludge, could have the potential to 
capture trace elements in favour of their chemical composition. If their capture performance 
can approach that of commercial activated carbon, they could be very competitive. Producing 
activated carbon from these "raw" sorbents will significantly increase their effectiveness. 
Some of the raw materials such as tyre scrap or sewage sludge would need to first undergo an 
initial pyrolysis stage, before controlled activation of the resultant carbonised char [65]. 
The carbon black and activated carbon from scrap tyres and sewage sludge have been 
produced using a Carbolite HTR 111150 laboratory scale rotary furnace of the Environmental 
Water Resource Engineering Section in the Department of Civil and Environmental 
Engineering at Imperial College London. This unit has the facility to conduct pyrolysis and 
activation consecutively. As illustrated in Figure 3-1, the furnace consists of a one 
kilogramme capacity quartz reaction vessel suspended by air-tight rotary fixtures inside an 
electrically heated box-furnace. The temperature inside the box-furnace is controlled by a 
thermocouple connected to a temperature programmer. Inlet gas was introduced at a 
controlled rate into the reaction vessel after having passed through a silica gel drying tube. 
The reaction vessel was connected to a glass trap which served as a receiver for the collection 
of pyrolytic oils. Any persistent vapours and gases were vented to a fume cupboard [66]. 
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Figure 3-1 Schematic diagram of the Carbolite HTR 11/150 laboratory scale rotary furnace [66] 
3.1.1 Pyrolytic stage of scrap tyre rubber and sewage sludge. 
The pyrolytic phase takes place at a temperature between 500°C and 1000°C, usually, and 
involves the thermal decomposition of the organic precursor. This results in the generation of 
a mixture of compounds of smaller molecular size which are usually volatilised and separated 
from the solid fraction. A large proportion of the heteroatoms (oxygen, nitrogen, sulphur) 
present in the original material are also volatilised at this stage [66]. 
3.1.1.1 Preparation of pyrolysis char from scrap tyre rubber 
340g of cut pieces of scrap tyre rubber were loaded into the reaction vessel which was set to 
rotate at 10 rpm. The reaction vessel was then heated up to 700°C at 10°C. min- 
l and pyrolysed 
for half an hour under nitrogen (500 ml. min-1) at constant temperature. This pyrolysis run 
produced a char yield of 34% by weight. 
3.1.1.2 Preparation of pyrolysis char from sewage sludge 
The sewage sludge, obtained from Ashford Sewage Works [UK], was a dewatered 
mesophilic, anaerobically digested sewage sludge [DEMAD]. The procedure used to prepare 
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the pyrolysis char was similar to the process used previously by Gee [67] for producing 
activated carbons from waste material. Approximately 500 g of wet DEMAD sludge was first 
dried overnight in a circulating oven at 105°C until a constant sludge mass was obtained. The 
mass of dry sludge was 33% (160g) of the mass of the initial sludge that was placed in the 
oven. The dried sludge was then crushed to a particle size less than 2 mm and placed in the 
reaction vessel of the bench scale rotary furnace which was set to rotate at 10rpm. The 
reaction vessel was then heated up to 450°C at 5°C. min I and pyrolysed for two hours under 
nitrogen (500 ml. min 1) at constant temperature. This pyrolysis run produced a char yield of 
48% by weight. 
3.1.2 Activation stage of the scrap tyre rubber char 
The porosity present in the carbonised material is filled or blocked by deposits and amorphous 
carbon, produced during the carbonisation process. Hence, the product of simple 
carbonisation usually presents limited porosity, surface area and adsorption characteristics. In 
order to expose this porosity, the carbonised material has to be subjected to a process called 
activation, the gasification of a char with reactive gases. In physical activation, the char is 
reacted at high temperature (usually above 800°C) with steam, carbon dioxide, or a mixture of 
these. Both carbon dioxide and steam are mild oxidants at 800-950°C and eliminate carbon 
atoms from the char particle via CO and/or CO + H2, in such a way as to favour the selective 
burning of the interior of the particle, with the subsequent creation of porosity. 
In our work, the activation of the char from scrap tyre rubber was conducted by using the 
same scheme (Figure 3-2) and operating conditions as used by San Miguel [68]. 200 g of cut 
pieces of scrap tyre rubber were heated at 5°C/min in an inert atmosphere maintained by a 
nitrogen gas flow of 500 ml. min-1. Once the temperature reached 700°C, nitrogen was rapidly 
substituted by a flow of 500 ml. min 1 of steam/nitrogen (80: 20, v/v). This was generated by 
having a water flow of 0.3 ml. min 
1 and a nitrogen gas flow of 100 ml. min 1. An activation 
temperature of 925°C and a holding time of 80 minutes were used. These operating conditions 
resulted in a carbon yield of 29%. 
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Figure 3-2 Schematic diagram of of the Carbolite HTR 11/150 laboratory scale rotary furnace for the 
activation of pyrolysis char [66] 
3.2 Properties of the sorbent tested in this study 
In this work several materials have been tested as a sorbent for their capture efficiency for 
mercury, arsenic and cadmium: 
A commercial activated carbon used in industry for gas cleaning: Norit Darco "Hg" 
Norit Darco "Hg" is lignite-derived activated carbon which offers very high retention capacity 
for mercury (2460-2590 µg. g-1) [5]. 
An aluminium-silicate material: Meta-kaolinite Metastar 501, provided by Imerys 
Minerals Ltd (England). The Metastar 501 powder was produced by high temperature 
treatment of highly refined kaolin (china clay). 
Fly ashes collected from the air pre-heater outlet of two different pulverised coal-fired 
power stations in the UK, labelled as "Combustion fly ash A" and "Combustion fly ash B", 
because of commercial confidentiality. 
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A fly ash, labelled as "Gasification fly ash", collected at the candle filter outlet of the 
IGCC power plant at Puertollano in Spain: 
Two pyrolysis chars produced at Imperial College London from scrap tyre rubber and 
sewage sludge labelled as "Pyrolysed scrap tyre" and "Pyrolysed sewage sludge". 
An activated carbon produced at Imperial College London from scrap tyre rubber labelled 
as "Activated tyre rubber" 
3.2.1 Particle size of the sorbents 
The Norit Darco "Hg" has a mean particle size of 9- 15 µm [5]. The pyrolysis chars from 
scrap tyre rubber and sewage sludge, as well as the activated carbons from scrap tyre rubber, 
were crushed prior to use and the smallest recoverable size fraction [3 8-75 . im] was used for 
the capture experiments. A minimum of 50 %wt of the Meta-kaolinite had a particle size less 
than 2µm. The particle size distribution of the combustion fly ash A and B, as well as the 
gasification fly ash, are given in Table 3-1. The particle size distributions of the combustion 
fly ashes were nearly identical, with most of the particles having a diameter smaller than 38 
µm (61%). The gasification ash had a larger proportion (83%) of particles less than 38 µm. 
The fly ashes have been tested as received, since the aim of the work was to establish if they 
could be reused efficiently in the process for trace element removal, without any additional 
preparation stage. 
Table 3-1 Particle size distribution of the combustion and gasification ashes 
Combustion 
fly ash A 
Combustion 
fly ash B 
Gasification 
fly ash 
Particles larger than 150 µm 5% 1% 1% 
Particles between 106 and 150 µm 4% 3% 2% 
Particles between 75 and 106 µm 5% 14% 5% 
Particles between 38 and 75 µm 25% 21% 9% 
Particles less than 38 µm 61% 61% 83% 
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3.2.2 Density and porosity of the sorbents 
The porosity and specific pore volume of each sorbent are listed in Table 3-2; they were 
determined by using the AccuPyc 1330 Pycnometer and GeoPyc 1360 Envelope density 
Analyser from Micrometeric presented in section 2.8. 
As shown in Table 3-2, the porosity of the sorbent particles varied from 44% for the 
combustion ash B up to 79% for the activated carbon from scrap tyre rubber. The combustion 
and gasification fly ash particles had the lowest porosity and therefore specific pore volume. 
In the contrary, the pyrolysis char and activated carbon produced from scrap tyre rubber and 
sewage sludge exhibited porosity and specific pore volume superior to the commercial 
activated carbon Norit Darco "Hg". Although, these rapid analyses provide preliminary 
information on the porosity of the sorbent particles, more information is needed on the surface 
area and the fraction of their porosity attributed to micro-porosity, in order to be able to 
confidently predict whether a sorbent will have good capabilities for physical adsorption. 
Table 3-2 Density and Porosity of the Sorbents 
Absolute 
density (g. cm-3) 
Envelope 
density (g. cm-3) 
Porosity 
Specific pore 
volume (cm3 g-') 
Norit Darco "Hg" 2.118 0.698 67% 0.960 
Meta-kaolinite 2.734 0.726 73% 1.011 
Combustion fly ash A 2.198 1.016 54% 0.529 
Combustion fly ash B 2.275 1.272 44% 0.346 
Gasification fly ash 2.609 1.018 61% 0.599 
Pyrolysed scrap tyre 2.094 0.549 74% 1.342 
Activated tyre rubber 2.285 0.475 79% 1.665 
Pyrolysed sewage sludge 2.453 0.977 60% 0.615 
3.2.3 Brunauer-Emmet-Teller (BET) surface area and microporosity of the sorbents 
Further information regarding the surface area and the microporosity of each sorbent was 
obtained using Brunauer-Emmet-Teller (BET) surface area analysis (§ 2.9). Table 3-3 shows 
the BET surface area as well as the micropore, mesopore and macropore area of each sorbent. 
Micropores refers to pores with diameters or slits with width of less than 2 nanometers (nm), 
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or 20 Angstrom units (A). Mesopores are pores with diameters from 2 to 50 nm and 
macropores refers to pores with diameters larger than 50 nm [69]. 
Adsorption processes are usually described as being microporous or mesoporous in nature. 
Macrospores play little role for adsorption. They are transport pores to the interior of particles 
and are considered as external surface [70]. Micropores are considered as being the size of 
adsorbate molecules and accommodate one, two or perhaps three molecules. During the 
activation process for the production of active carbons, a large amount of pores are formed 
and particularly micropores. The total surface area of their walls, i. e. the internal surface area 
of the active carbon is very large and this is the main reason for its large adsorptive capacity 
[71]. The area of the outer surface (the geometrical surface) is practically negligible in 
comparison. 
Figure 3-3 shows the partitioning of the total surface area within the different pore categories 
for each sorbent. A sorbent having large BET surface area in addition to high microporosity 
would therefore have promising adsorption capabilities. 
Table 3-3 Surface areas and micropore volumes of the sorbents 
BET Surface Micropore Mesopore Macropore 
area (m2. g-') area 
'(m2. 
g-') area 
2(mZ. 
g-l ) area 
2(m2. 
g1) 
Norit Darco "Hg" 659.95 + 11.48 367.07 194.56 2.34 
Meta-kaolinite 14.86 ± 0.15 4.04 9.05 2.90 
Combustion fly ash A 15.00 ± 0.17 5.10 5.15 0.14 
Combustion fly ash B 5.02 ± 0.03 1.12 2.98 0.20 
Gasification fly ash 4.34 ± 0.01 0.56 3.11 0.57 
Pyrolysed scrap tyre 71.62 ± 0.16 4.55 50.37 21.52 
Activated tyre rubber 219.15 ± 3.67 128.03 70.68 22.51 
Pyrolysed sewage sludge 52.51 ± 0.65 21.06 25.35 2.41 
1- micropore area calculated from T-plot analysis 
2- mesopore and macropore areas calculated from BJH adsorption analysis 
Commercial activated carbon Norit Darco "Hg" exhibits far the largest BET surface area of 
the sorbents tested, with a value of 660 m2. g-1. As show on Figure 3-3, more than 50% of the 
surface area exhibited by Norit Darco "Hg" is internal and contained within micropores. 
42 
Chapter 3 Preparation and Properties of the Sorbents tested in this Work 
Despite of having higher surface area (72 m2. g 1) than the pyrolysed sewage sludge (52 m2. g 
1), the pyrolysed scrap tyre had a much lower microporosity. Most of the surface area of the 
pyrolysed scrap tyre was external (- 94%) with little attributable to micropores, against 42% 
of the surface area attributed to micropores for the pyrolysed sewage sludge (Figure 3-3). 
However, the activation stage between the pyrolysed scrap tyre and the activated tyre rubber 
has not only increased the BET surface area from 72 to 219 m2. g-I, but also further enhanced 
the microporosity from 6 to 58% of the surface area. Even if the overall porosity of the 
activated tyre rubber has not much increased compared to the pyrolysed tyre rubber (Table 
3-2), the activating agent (steam) has further exposed the microporosity and therefore 
increased the surface area by making the blocked pores free from deposits and amorphous 
carbon . 
Results in Table 3-2, show that metakolinite also had a high porosity (73%) however, as 
shown on Figure 3-3, most of this porosity (76%) is external which explains why meta- 
kaolinite has a small BET surface area. 
The combustion and gasification fly ashes, which had the lowest porosities, also exhibited the 
smallest BET surface area (<15 m2. g 
1). Although Figure 3-3 shows that combustion fly ash A 
has appreciable microporosity (50%), the other ashes contain mainly mesopores. 
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Figure 3-3 Distribution of the different pore size categories for the various sorbents 
3.2.4 Voidage of the different sorbent bed 
The voidage (c) of the sorbent bed is defined as the volume of the void spaces between 
particles within the sorbent bed over the total volume occupied by the bed. It can be 
calculated from the measurement of the bulk and envelope densities of the sorbent according 
to equation 3-1: 
Bulk density 
E=1- Envelope density 
Eq. 3-1 
The bulk density for each sorbents has been obtained by measuring the mass of the sorbent 
bed occupying a volume of 1 ml. Table 3-4 gives the bulk density as well as the bed voidage 
(c) calculated using equation 3-1 for each of the sorbents. The bed voidage for each sorbent is 
in the range of 0.35-0.53. 
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Table 3-4 Bulk density and bed voidage of each sorbent 
Sorbent Bulk density 
(g. cm) 
Envelope density 
(g-cm ) E 
Norit Darco "Hg" 0.332 0.698 0.52 
Meta-kaolinite 0.450 0.726 0.38 
Combustion fly ash A 0.625 1.016 0.38 
Combustion fly ash B 0.630 1.272 0.50 
Gasification fly as 0.661 1.018 0.35 
Pyrolysed scrap tyre 0.276 0.549 0.50 
Activated scrap tyre 0.245 0.475 0.48 
Pyrolysed sewage sludge 0.457 0.977 0.53 
3.2.5 X-ray fluorescence analysis of the sorbents 
The sorbents were first analysed for qualitative analysis using the Fast-Helium method. This 
method provides a rapid scan of all the elements heavier than fluorine present in the sorbent. 
Two grams of sorbent were placed in the XRF cell to fully cover the bottom of the cell and 
provide sufficient layer of sample for the analysis. The corresponding spectras of each sorbent 
analysis are given from Figure 3-4 to Figure 3-11. Qualitative evaluation of the spectral peaks 
required a concentration limit for view lines of 0.01 %. 
Within these spectra the presence of rhodium peaks (Rh) may be observed. Rhodium is 
commonly used as the standard anode material of the X-ray tube because the characteristic 
energies of this element are suitable for simultaneously exciting both heavy and light 
elements. The lines of this anode element usually appear as a background to the lines of 
elements in the sample. 
Once the various elements present within a particular sorbent had been established by the 
qualitative analysis, a semi-quantitative analysis was then performed. Thirty elements, 
including trace elements, were detected in the sorbent samples. A method was created for the 
quantitative analysis of the content of these thirty elements in the sorbents. The peak 
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intensities were processed with a default calibration within the software to determine the 
relative concentration' of the elements in the sorbents; these are presented in Table 3-5. 
From the Norit Darco "Hg" analysis (Figure 3-4), calcium and iron were the most significant 
elements present amongst the thirty elements measured in the method. According to Table 
3-5, these two elements accounted for 42 and 27%, respectively. Appreciable levels of 
sulphur were also measured (4.3%) in this activated carbon. However, the concentration of 
other trace elements was fairly low, except for arsenic (2.35%), 
Not surprisingly, the analyses of the meta-kaolinite (Figure 3-5, Table 3-5), an aluminium 
silicate material produced from highly refined kaolin, showed the predominance of aluminium 
34%) and silicon (55% 
The spectra of the analyses of the combustion fly ashes and gasification ash (Figure 3-6, 
Figure 3-7, Figure 3-8), and the data in Table 3-5, show a similar composition for these 
sorbents, being predominantly silicon, aluminium, iron, potassium and calcium. However, the 
gasification ash had higher concentrations of sulphur, zinc and lead, in the range of 2 to 3%, 
compared to the combustion fly ashes, which had contents in the range from 0.2 to 0.6%. 
Examination of the spectra of the pyrolysed scrap tyre and activated scrap tyre (Figure 3-9 
and Figure 3-10) reveals that both have high peak intensities for zinc and sulphur. Their 
sulphur and zinc content was much higher than the other sorbent, with 18% of sulphur and 
60% of zinc (Table 3-5). The sulphur is used during the tyre rubber production process for 
vulcanisation, which improves the elasticity and enhances the mechanical resistance of the 
rubber [72]. Also, zinc oxide is used as an accelerator to promote the vulcanisation reaction 
between the sulphur and the polymer chains [73,74]. 
The XRF results for the pyrolysed sewage sludge (Figure 3-11 and Table 3-5) show that the 
mineral matter in the char was mainly rich in iron, calcium, silicon, aluminium and 
' Note that the values given in Table 3-5 are not the concentrations of the element in the whole sample. The 
values have been normalised such that they correspond to the fraction of each element within the thirty other 
element that were selected in the method. 
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phosphorus. It also contained appreciable amounts of sulphur (2.8%). The sewage sludge 
came from the Ashford waste water works and recycling centre, which provides waste water 
and sludge treatment for the Ashford area. As it is rich in elements phosphorus, nitrogen and 
potassium, the sludge is recycled to produce an organic-based fertiliser and soil conditioner 
for use in agriculture. 
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Chapter 3 Preparation and Properties of the Sorbents tested in this Work 
3.2.6 SEM-EDX and XRD analyses of the sorbents 
SEM and EDX analyses have also been conducted on the various sorbent to obtain 
information on the morphology of the particles and also to compare their chemical 
composition with the XRF results. The analyses have been carried out according to the 
procedure presented in section 2.4. In addition, XRD analyses (Cf. § 2.6) on the sorbents have 
been conducted to identify their crystalline structure and, by comparison with the SEM-EDX 
results, to see if a crystalline phase corresponds to a particular shape of particle. 
3.2.6.1 Norit Darco "Hg" 
As mention in section 3.2.1, Norit Darco "Hg" has particle sizes ranging from 9 to 15 µm. In 
Figure 3-12, we can observe that these small particles tend to form aggregates of much larger 
size, 30 to 50 µm in the Figure. The morphology of the particles is very irregular, having 
more flat than spherical facets. The EDX spectras taken from different locations on the 
surface (Figure 3-13) also confirm the results obtained from XRF, with the highest peaks for 
iron and calcium, in addition to those of carbon (clearly not surprising since Norit Darco "Hg" 
is an activated carbon with high carbon content). The EDX results also confirm the presence, 
in smaller proportions, of silicon, aluminium, sulphur and oxygen. According to the XRD 
results presented in Figure 3-14, quartz [Si02] and Calcite [CaCO3] are the two major 
crystalline phases present in Norit Darco "Hg". We can also observe that the signal at the 
lower step angle (20< 20 <25) is high, which means that most of this sorbent is amorphous. 
Since iron and sulphur are not present in any of the crystalline phases mentioned, this 
suggests that they are bounded onto the amorphous phase. The oxygen peaks seen on the 
EDX spectras Si and S2 (Figure 3-13) correspond to the crystalline phases formed with 
calcium, carbon or silicon, but it could also be part of oxygen surface functional groups [71, 
75] in the amorphous phase (C, N, H). 
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Figure 3-12 SEM scan of the Norit Darco "Hg" surface (magnification = 1000) 
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Figure 3-13 EDX spectra (S 1, S2, S3) of the Norit Darco "Hg" surface 
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Figure 3-14 XRD analysis of the Norit Darco "Hg" 
3.2.6.2 Combustion fly ashes A and B 
The combustion fly ashes A and B have similar characteristics and from their SEM analyses 
(Figure 3-15 and Figure 3-17) it can be noticed that there are two types of particles: spherical 
white globules and black irregular shaped particles with big cavities. The diameter of the 
spherical globules is not uniform, with particles sizes varying from 30 µm down to few 
microns. 
According to the EDX analyses presented (Figure 3-16 and Figure 3-18), these spherical 
globules are mainly formed of inorganic species: aluminium, silicon, calcium. Very little 
carbon is detected in the spectra corresponding to the analyses of their surface: S2 (Figure 
3-16) and S1 (Figure 3-18). Furthermore, by comparing the elements present in the EDX 
analyses of the surface of the spherical globules with the XRD results (Figure 3-19 and Figure 
3-20), due to the high concentration of oxygen, we could suggest that most of the crystalline 
phase, Quartz [SiO2], Mullite [A1203(57%), Si02(41%)], Magnetite [Fe203(66%), FeO(33%)], 
and lime [CaO] in the case of the fly ash A, are present in these globules. 
On the contrary, the irregular black shape porous particles appear to be rich in unburnt carbon, 
as shown on spectra Si (Figure 3-16) and S2 (Figure 3-18). 
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Figure 3-15 SEM scan of the combustion fly ash A surface (magnification = 1000) 
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Figure 3-16 EDX spectra (Si, S2, S3) of the combustion fly ash A surface 
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Figure 3-17 SEM scan of the combustion fly ash B surface (magnification = 1000) 
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Figure 3-18 EDX spectra (Si, S2) of the combustion fly ash B surface 
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Figure 3-19 XRD analysis of the combustion fly ash A 
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Figure 3-20 XRD analysis of the combustion fly ash B 
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3.2.6.3 Gasification fly ash 
In SEM and EDX analysis, the gasification fly ash sample was gold coated in order to 
improve the electrical conductivity (cf. § 2.4); a gold peak (Au) was thus seen in the spectra. 
As shown on Figure 3-21, the gasification fly ash particles were found only as spherical 
globules with non-uniform diameter amongst a host of very fine particles of a few microns. 
This image was found to be representative of the whole sample and to confirm the measured 
particle size distribution (§ 3.2.1) where more than 80% of the particles were less than 38 pm. 
According to the EDX analyses presented in Figure 3-22 (spectra Sl and S2), the spherical 
globules are mainly formed of inorganic species: aluminium, silicon, calcium. This is similar 
to combustion fly ash. Very little carbon was detected in the spectra corresponding to the 
analysis of their surface. Unfortunately, as shown in Figure 3-23, the XRD analysis was not 
good enough to determine confidently which crystalline phases were present in the sample. 
The signal pattern obtained suggested that most of the gasification ash was amorphous rather 
than crystalline with a predominance of glassy phases, such as quartz, giving a poor signal. 
Figure 3-21 SEM scan of the gasification fly ash surface (magnification = 1000) 
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Figure 3-22 EDX spectra (S 1, S2) of the gasification fly ash surface 
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Figure 3-23 XRD analysis of the gasification fly ash 
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3.2.6.4 Pyrolysed scrap tyre 
Although the pyrolysed scrap tyre was initially sieved in order to collect a particle size 
fraction between 38-75 µm, the presence of some smaller particles is apparent in the SEM 
scan (Figure 3-24). The particles have non-spherical shapes with very irregular surfaces and it 
is likely that this has lead to some bridging of the sieve mesh by aggregates of small particles. 
The EDX analyses shown in Figure 3-25 confirm the results obtained from XRF. A high peak 
intensity for carbon was detected at every location of the surface analysed (S 1, S2, S3), in 
addition to sulphur and zinc which appeared to be present in higher proportions than other 
elements (e. g. potassium, chlorine, aluminium). It is important to note that the scan S3 was 
not a local analysis but an area analysis of pyrolysed scrap tyre (pink square). This gives an 
idea of the predominance of carbon, zinc and sulphur in the whole sample compared to the 
other elements. 
According to the XRD analysis given in Figure 3-26, wurtzite [ZnS] and iron sulphide [FeS] 
were clearly identified in the pyrolysed scrap tyre, since the peak with the strongest reflexion 
for these two compounds was very distinct. However, no iron was detected from the EDX, 
this is one major disadvantage of EDX analyses where only few areas of the sample are 
scanned and therefore individual images may not be representative of the whole sample. This 
could suggest that the proportion of wurtzite in the sample were much greater than the iron 
sulphide. As with Norit Darco "Hg", the signal was very high in the range 20< 20 <25 due to 
the preponderance of amorphous phase carbon. Zincite [ZnO] may also be present, however 
the peak with the strongest reflexion at around 20 = 36° on the Figure was very small. 
It was not possible to tell if the wurtzite was present only in some specific particles of the 
sorbent since it appeared in all the EDX scans taken at various locations of the sorbent surface 
(Si, S2, S3 - Figure 3-25). Figure 3-27 shows an SEM image with higher magnification of a 
pyrolysed scrap tyre particle, we can observe that wurzite is present in addition to carbon 
(Figure 3-28). In Figure 3-27, it seems also that the wurtzite is present as a white deposit on 
the particle. This could suggest that the wurtzite is randomly distributed on the amorphous 
phase of the sorbent. 
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Figure 3-24 SEM scan of the pyrolysed scrap tyre surface (magnification = 450) 
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Figure 3-25 EDX spectra (S 1, S2, S3) of the pyrolysed scrap tyre surface 
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Figure 3-26 XRD analysis of the pyrolysed scrap tyre 
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Figure 3-27 SEM scan of the pyrolysed scrap tyre surface (magnification = 1000) 
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Figure 3-28 EDX spectrum (S 1) of the pyrolysed scrap tyre surface 
3.2.6.5 Activated scrap tyre 
From the SEM-EDX (Figure 3-29 and Figure 3-27) and XRD (Figure 3-28) analyses of the 
activated scrap tyre, it was found that this sorbent was very similar to the pyrolysed scrap tyre 
in terms of the particle morphology and crystalline phases, identified as wurtzite and iron 
sulphide. Comparison of the SEM picture with the EDX spectra (S 1, S2), supports the 
hypothesis, proposed for pyrolysed scrap tyre rubber, that the wurtzite (identified as small 
white patches) is present in the sample as isolated specks spread evenly over the surface of 
carbon particles. 
Figure 3-29 SEM scan of the pyrolysed scrap tyre surface (magnification = 1000) 
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Figure 3-30 EDX spectra (S 1, S2) of the activated scrap tyre surface 
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Figure 3-31 XRD analysis of the activated scrap tyre 
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3.2.6.6 Meta-kaolinite 
In a similar manner to the gasification fly ash, the meta-kaolinite sample was gold coated in 
order to improve its conductivity. The SEM image shown in Figure 3-32 is representative of 
all the surface area of the sorbent. According to the supplier, 50% wt of the meta-kaolinite 
had a particle size less than 2 µm, however SEM analysis gives clear evidence of substantial 
particle aggregation, with particles >30 µm diameter being observed. This aggregation is 
consistent with the pressure drop behaviour in beds of this sorbent, noted later, in Chapter 5. 
The EDX analyses presented in Figure 3-33 (spectra S1 and S2) confirm the results obtained 
from XRF (Table 3-5), in the sense that the particles are mainly composed of alumino- 
silicates. According to the supplier, the meta-kaolinite contained less than 1% of quartz and is 
composed mainly of amorphous calcined kaolin (aluminium-silicate). The XRD analysis 
(Figure 3-34) also confirm that the meta-kaolinite is amorphous, with a characteristic high 
signal at the lower step angle (20°<20<30°). In addition, even though many other peaks could 
be seen in the spectra, it was not possible to assign them confidently to a particular crystalline 
phase, since too many species could correspond to a particular 100% reflexion peak. 
Figure 3-32 SEM scan of the meta-kaolinite surface (magnification = 1000) 
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Figure 3-33 EDX spectra (Si, S2) of the meta-kaolinite surface 
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Figure 3-34 XRD analysis of the metakaolinite 
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3.2.6.7 Pyrolysed Sewage sludge 
Although the pyrolysed sewage sludge was initially sieved in order to collect a particle size 
fraction between 3 8-75 µm, the presence of some smaller particles is apparent in the SEM 
scans (Figure 3-35); this is similar to the pyrolysed scrap tyre. The morphology of the 
particles is very irregular, with more flat than spherical facets. According to EDX analysis, 
Figure 3-36, the pyrolysed sewage sludge appeared to have less carbon than the Norit Darco 
"Hg" and the pyrolysed scrap tyre; since the carbon peak was found to be smaller in all the 
areas of the sample (S 1, S2, S3, S4). The pyrolysed sewage sludge was found to be rich in 
elements such as phosphorus, magnesium, calcium and iron; this is supported by XRF 
analyses. However, when comparing the SEM and EDX analyses, it was not possible to 
clearly determine whether these particular elements were contained in specific particles. This 
is because all the particles in the SEM image appear to have similar morphology. 
According to the XRD analysis of the sewage sludge given in Figure 3-37, calcite [CaCO3] 
and quartz [Si02] were the only crystalline phases clearly identified in the sample. The other 
peaks were not distinct enough to be confidently assigned. It is also noticeable that the 
pyrolysed sewage sludge contained less amorphous phase than the Norit Darco "Hg", the 
pyrolysed or the activated scrap tyre. It is possible that the magnesium and phosphorus 
present in the sewage sludge sample are mainly combined into an amorphous phase. 
Figure 3-35 SEM scan of the pyrolysed sewage sludge surface (magnification = 450) 
68 
Chapter 3 Preparation and Properties of the Sorbents tested in this Work 
sl 
c 
St R 
: til rý 
C. 
T 
iVa CI 
h_ 
Zn cl I` Ti Ti Fe 
_ . _,. , 
1-... 7rß 
92_a6S3 
F-ad Scale 11 753 cl-I Cursor: 0.016 (2¬ Qt Ct<. ) ka 
o 
C, 
ý; 
Fe 
_ 
-_IIII Fe Fe 
;3 ý4 5689 ý 
L, A Scale 16753 Ctt Cursor: 0,047 1 "331 M3} key 
T All 
Ca 
Ca 
Fr r. RFi ýý i. 
Fe 
T .. ý ý1 S Ei i79 
l+ll Scab 18753 As Cursor R Oil (925, ct. s) krv 
Cs 
Wf $ýotitr_ 187S3 CIS Curýor ) 04? (1070 Ctv`7 ý: ýý 
Figure 3-36 EDX spectra (S 1, S2, S3, S4) of the pyrolysed sewage sludge surface 
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Figure 3-37 XRD analysis of the pyrolysed sewage sludge 
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Chapter 4 
Novel Sorbent Reactor Design and Experimental 
Procedure 
In order to fulfil the objectives of this study, it has been necessary to design a new sorbent 
reactor system, following on from the experience and observations obtained from a previous 
study conducted in these laboratories [61 ]. 
In the present design, a fixed bed configuration has been selected with the gas clean-up 
reactor comprising two main stages: 
  The first stage is dedicated to the generation of trace element vapour species from a 
suitable solid source. Only arsenic and cadmium vapours were produced using this 
configuration, since mercury vapour was generated, at a very precise concentration, 
from an external mercury generator which is presented separately, in section 4.3. 
  The second stage was dedicated to the testing of the sorbents for their trace element 
retention as a function of bed temperature. 
Borosilicate glass was used for the construction of the reactor to avoid contamination, and to 
ensure that no trace element was introduced by leaching from the apparatus itself. Borosilicate 
glass also made the use of acid solutions possible. These are necessary for the recovery of 
condensed trace element species from various regions of the reactor and for cleaning of the 
reactor between experiments. 
The use of the reactor manufactured out of borosilicate glass was satisfactory 
for the study of 
arsenic and mercury, where the reactor operated at temperatures 
below 500°C. However, for 
cadmium work, higher temperatures were necessary, thus a second reactor was manufactured 
out of quartz, with some design modifications as explained 
in section 4.2. Figure 4-1 shows a 
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sectional view of the borosilicate glass reactor. Both reactors have been manufacture by 
Cambridge Glassblowing Ltd (Cambridge). Full dimensions of the reactor pieces are given in 
appendix A. 
Each stage was heated to the desired temperature by mean of insulated electric furnaces used 
during previous studies [61]. The insulated furnaces of 27 mm ID, were made of high thermal 
conductivity alumina tube (25 W. m. K-1) surrounded by wire with a resistance of 1.28 Q. m. A 
rheostat was used in order to provide overall power control. Specifications of both furnaces 
and associated transformers are given in Table 4-1, as well as the maximum safe voltage 
controlled by the rheostat. The local temperature of each section was measured by a type-K 
nickel-chrome thermocouple (TC Ltd, Chesterfield UK) introduced in a glass sleeve to avoid 
contamination by contact with the sample. The temperature control and heating rate of the 
furnaces were made by an electronic controller/programmer also used during previous studies. 
The dimensions of the reactor where selected such that ball joint connections of the assembly 
were kept external to the furnaces and at close to ambient temperature, so that leakage could 
be eliminated by using PTFE coated silicon O-ring seals (Appendix A). 
Table 4-1 Specifications of the furnaces and associated transformers 
FURNACES 
First Stage Second Stage 
H (mm) 30 60 
ID (mm) 27 27 
Coil length (m) 1.4 2.8 
resistance per unit length (92. m-I) 1.28 1.28 
Resistance (0) 1.8 3.6 
TRANSFORMER 
Section 1 Section 2 
Umax(V) 40 55 
Iinax (A) 12.5 9.1 
pm (W) 500 500 
REOSTAT 
Umax (V) 180 185 
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Figure 4-1 sectional view of the reactor 
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4.1.1 First stage of the reactor: generation of the trace element vapour species 
The first stage was designed to generate the trace element vapour species, in a hot dry 
nitrogen gas, which were then entrained downwards through the second stage by passing 
through a diffuser. A picture of this part of the device is given in Figure 4-2-a. The sealing of 
the assembly was ensured by a PTFE coated silicone O-ring and a spring clamp, as shown on 
Figure 4-2-b. The main body of the first stage is a tube; the upper 50 mm is of OD 24 mm and 
is 2mm thick. The tube diameter is then reduced to 15 mm OD for the lower 80mm. The end 
of the reduced diameter tube is pierced by 1 mm holes; these act as a diffuser supporting a 
platinum pan containing the trace element solid source. 
The thermocouple well was a4 mm OD, 1 mm thick and 150 mm long tube. The inlet gas 
was introduced through a6 mm OD tube at right angles to the main body of the first stage. 
Connections of the main body of the first stage to the thermocouple well and the second stage 
were made by means of GBM 28 and GBM 35 ball joints respectively. More details on the 
dimensions can be found in appendix A. 
Figure 4-2 Trace element vapour generation stage of the reactor 
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4.1.2 Second stage of the reactor: retention on sorbent bed 
The second stage of the reactor was designed so that all the trace element-bearing gas coming 
from the first stage passes through the test sorbent bed, without the possibility of by-passing. 
A picture of this part of the device is given in Figure 4-3-a. Similarly to the first stage, the 
sealing of the assembly was ensured by a PTFE coated silicone O-rings and spring clamps as 
shown on Figure 4-3-b. 
The main body of the second stage was designed such that it could be introduced inside the 
two electric furnaces having internal diameters of 27 mm. The OD of the main reactor was 
also chosen such that the space between the furnaces and the reactor was at a minimum, to 
favour heat transfer. Finally, as depicted in Figure 4-1 and Figure 4-3-b, it was sealed at the 
bottom to provide a flat surface to support a 2mm thick Kaowool felt disc (Thermal Ceramics 
UK Ltd) on which a fixed quantity of sorbent was placed. The main body of the second stage 
therefore consisted of a 24 mm OD, 2mm thick tube, reduced after 160 mm to a 16 mm OD 
section of further length 60 mm. 
As in the first stage, the local temperature in the sorbent bed was measured by a thermocouple 
introduced in a glass well to avoid contamination with the sample. The thermocouple well 
was a4 mm OD, 1 mm thick and 140 mm long tube. 
As shown on Figure 4-3-b, aT piece of 16 mm OD reduced to a6 mm OD tube for the gas 
outlet was used to connect the thermocouple well to the main body of the second stage by 
mean of GBM 18 ball joints. As mentioned above, connection between the two stages was 
ensured by a GBM 35 ball joint. 
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Figure 4-3 Retention stage of the reactor 
4.2 Quartz reactor 
The study of cadmium required higher temperatures for the generation of vapour species and 
the sorbent testing. The body of the existing borosilicate reactor could withstand a maximum 
temperature of 500°C. The PTFE rubber "0" rings and the spring clips used for the sealing of 
the assembly could not operate above 200°C. It has therefore been necessary to design and 
manufacture a new reactor. Borosilicate glass has been replaced by quartz and the reactor 
design has been substantially modified, in order to keep the top section junction at relatively 
low temperature (see appendix B for details on the dimensions). The diffuser portion of the 
first stage (15 mm OD) and the upper thermocouple well were now 60 mm longer. The exit 
tube of the second stage (16 mm OD) and the bottom thermocouple well were also longer by 
20 mm. To minimise the turbulence, the gas inlet was now inclined at 45°. The quartz reactor 
has also been manufactured by Cambridge Glassblowing Ltd (Cambridge). 
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4.3 The mercury generator: PSA Cavkit 10.534 mercury calibration 
system 
Mercury vapour was produced by using a PSA Cavkit 10.534 mercury generator (P S 
Analytical, UK). The unit works on the principle of diluting a saturated Hg vapour at known 
temperature. The system uses an oven arrangement to generate elemental mercury, at a 
constant temperature of 40°C, from a mercury-impregnated inert substrate [76]. As show on 
Figure 4-4, a low flow rate of nitrogen is delivered over the Hg reservoir using a mass flow 
controller (MFC 1) at 0-20 ml/min. The gas passing over the reservoir becomes saturated at 
the reservoir temperature. A dilution flow rate of nitrogen (0-20 1/min) supplied by a second 
mass flow controller (MFC2) then dilutes the saturated Hg vapour into the concentration 
range of interest (0-1300 pg. m 3). The mass flow controllers require a minimum operating 
pressure of 10 psig, so gas pressure was set to 15 psig using the pressure regulator. 
Pressure 
Sensor 
N2 gas Pressure 
mr 'I supply regulator 
PSA 10.534 unit 
0-20ml. min-'P--- ®-- -- 
to 
MIFC 1 Hg reservoir 
Oven 
MFC 2 
0-20 l. min-' 
Calibration gas 
Figure 4-4 Schematic diagram of the PSA 10.534 mercury generator 
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4.4 Experimental scheme 
Since the generation of the trace element vapour was made inside the reactor, the 
configuration for arsenic and cadmium was simple. CP grade Nitrogen gas (99.9992%) was 
sent to the sorbent bed reactor at a desired flow rate set by a Platon flow meter with a 20-250 
ml. min-1 range. To ensure that there was no leak in the system, the gas flow rate was also 
measured at the reactor outlet with a similar flow meter. A Dwyer Magnehelic® differential 
pressure gauge (0 to 50 inches water range], located at the reactor inlet, was used to measure 
the pressure drop in the system. Due to the low volatility of arsenic and cadmium at low 
temperature, it was not necessary to have a backup capture unit for the retention of the trace 
element vapour remaining in the gas after the sorbent bed, simply because they naturally 
condensed on the reactor wall as the temperature dropped. Previous work using Drechsler 
bottles, containing 10% H202-5% HNO3 scrubber solutions, as a backup capture unit have 
shown that no arsenic or cadmium could be found in the solutions [61]. 4 mm ID and 6mm 
OD PTFE tubing from Polyflon Technology Ltd (UK) has been used for all the gas line. 
Similarly, PTFE connectors from the same supplier have been used to connect the reactor to 
all the other equipments in the system. 
The experimental scheme for mercury, including the mercury generator, is presented in Figure 
4-5. In this arrangement, CP grade nitrogen was sent to the PSA Cavkit unit to produce a gas 
with the required mercury concentration. As this unit needs to operate with its gas exit at 
atmospheric pressure, a Type N 86 KT. 18 Laboport PTFE-lined diaphragm pump was 
employed to overcome the pressure drop created in the system. As shown on Figure 4-5, 
atmospheric pressure at the exit of the Cavkit was maintained by having a Tee-connection 
allowing a part of the gas from the Cavkit to discharge to atmosphere, while the remainder 
was pressurised by the pump. As this pump had a much larger capacity than the required gas 
flow to the reactor, a part of the outlet gas from the pump was sent to atmosphere. As shown 
in Figure 4-5, it was possible to meter the required nitrogen gas doped with mercury into the 
sorbent reactor by controlling the two flow meters FM-1 and FM-2. Due to the high volatility 
and insolubility of mercury vapour Hg°, a gold amalgamator was connected to the sorbent 
reactor gas exit to capture any residual mercury in the gas stream. Another flow meter (FM-3) 
was placed after the gold amalgamator to make sure that there was no leak in the system. As 
for arsenic and cadmium, all the gas lines and connector were in PTFE. In addition FM-1 and 
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FM-2 were both PTFE variable area Flow Meters with PTFE Valves and Inlet and Outlet 
Glass Nipple Connections. The flow meter FM-1 was 65 mm scale with a glass float covering 
the 20 to 1300 ml. min"1 range. The flow meter FM-2 was a 65 mm scale double tube, with 
one tube with a glass float for the low flow rates 2-51 ml. min-1, the other one with a sapphire 
float for higher flow rates, 15.5-167 ml. min 1. The flow meter FM-3 was a Platon flow meter 
with a 20-250 ml. mii 1 range. 
All the experiments were conducted in a fume-cupboard. A metal frame was made to hold the 
reactor and the furnaces. Figure 4-6 shows a photograph of the reactor, the Cavkit mercury 
generator and all the other equipment used for the mercury experimental scheme. 
To atmosphere 
To atmosnhere 
N2 cylinder 
Figure 4-5 Sorbent mercury reactor scheme 
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4.5 Mercury, arsenic and cadmium concentration in the gas stream 
As mention in section 1.3.2, values of the trace element concentration in the gas stream of an 
actual IGCC power plant are not available. However, from the analysis of the trace element 
contents measured in the residue streams, a prediction of the relative distribution of trace 
elements has been obtained. If we consider that 100% of the mercury, 50% of the arsenic and 
50% of the cadmium initially present in the fuel blend remain in the gas phase, it is possible 
to estimate the concentrations of these trace elements in the gas stream from a knowledge of 
the initial content of trace element in the fuel blend and the amount of raw gas produced, At 
the IGCC plant at Puertollano, 108 t. hr-l of fuel blend (coal, petcoke and limestone) are 
gasified, and 180,000 Nm3. hr-1 of raw gas are produced and sent to the gas turbine [77,78]. 
The mercury, arsenic and cadmium concentration in the fuel blend are 0.2,1 and 23 mg. kg-1 
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respectively'. Thus it follows that 5.9,29.7 and 683.1 mg-s-1 of these elements, respectively, 
enter the system leading to the following concentrations: 0.12 µg. 1-1 for mercury, 0.30 µg. l-1 
for cadmium and 6.9 µg1-1 for arsenic in the gas to be cleaned. 
As explained in chapters 6 and 8, the concentrations of arsenic and cadmium in the real plant 
condition, estimated above, are too small to be reproduced within our experimental setup. 
Indeed, the preparation of the samples prior to analysis and the detection limit of the ICP 
instruments require a minimum amount of trace element to be captured by the sorbent, and 
therefore generated from the first stage. 
However, the measurement technique for quantifying the mercury content of a sorbent does 
not need sample preparation and, also, the mercury generator can deliver very low and precise 
concentrations. It has thus been possible to replicate plant mercury concentrations directly. 
4.6 Commissioning of the reactor 
4.6.1 Pressure drop and maximum gas flow rate 
The limiting factor in the reactor design presented above is the sealing between the different 
parts maintained by silicon O-rings and spring clips. When the system pressure exceeds a 
certain limit, these seals start leaking, causing loss of trace element vapour before it reaches 
the sorbent bed. During the commissioning of the reactor, the maximum pressure drop caused 
by the sorbent bed was around 2 inches of water gauge only and no leak was observed. 
However, for the mercury experimental scheme, where a gold amalgamator tube (3mm ID) 
was added at the reactor outlet (cf. § 4.4), the maximum pressure drop (sorbent bed + 
amalgamator) that could be tolerated before leaking was 15 inches of water (around 3738 Pa). 
This pressure drop corresponded to a gas flow rate of 120 ml. min 
1 at NTP. 
1 Values obtained from Elcogas, Puertollano (Spain) 
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4.6.2 Sorbent mass and operating gas flow rate 
A constant sample mass of 500 mg has been used throughout the experimental programme; 
similarly the gas flow rate has been fixed as 40 ml. miri-1 NTP 
The choice of 500 mg of sorbent as a standard was a compromise between ensuring sufficient 
trace element concentration in the sorbent for detection by ICP analysis and avoiding 
excessive amounts of sample to be treated by the time-consuming digestion step. 
As explained above, the mercury vapour was produced from an external source whereas 
arsenic and cadmium had to be produced by heating a solid source in the first stage of the 
reactor. The amount of arsenic or cadmium vapour that was generated depended on the 
temperature as well as the flow rate. In the first stage, the same flow rate (NTP) was 
maintained. and the generation temperature picked dependant on the volatility of arsenic and 
cadmium. A gas flow rate of 40 ml. min 1 NTP, was found suitable for the generation of the 
trace element vapour in the first stage as well as providing sufficient contact time between the 
gas phase and the sorbent bed. In the case of mercury, this flow rate also ensured a low 
pressure drop across the gold amalgamator, which limited the leaking problems. 
Unfortunately, changing the sorbent in the bed introduces differences in density and voidage, 
which will change the interstitial gas velocity and the residence time. In addition, the 
interstitial velocity of the gas will be influenced by the temperature of the sorbent bed. 
Therefore, having a constant sorbent mass and inlet gas flow rate through all our experiment 
will influence the conditions of the gas phase inside the sorbent bed. Besides the effect of 
temperature, all the above parameters will be considered and discussed in the interpretation of 
the results (Chapter 6,7 and 8). Also special interest will be given on the effect of the 
interstitial velocity and residence time on the mercury capture efficiency in Chapter 7. 
4.6.2.1 Pressure drop across the sorbent bed 
As mentioned above, the pressure drop across each sorbent bed was small, less than 2 inches 
water gauge, for the one that could be measured with the pressure gauge. AU tube water 
manometer was used, in place of the pressure gauge, to measure the pressure drop in all the 
sorbent bed. 
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Some sorbents have been tested up to 600°C for their trace element removal capabilities. 
When the inlet gas flow rate is set to 40 ml. min-1 NTP, with a sorbent bed temperature of 
600°C, the gas flow rate and the superficial velocity inside the reactor would be 120 ml. min-I 
and 6 mm. s-1 respectively. 
Table 4-2 gives the measured pressure drop (AP) and bed height (H) for 500 mg of sorbent 
and a flow rate of 120 ml. min-1 NTP simulating the conditions inside the reactor with an inlet 
nitrogen flow rate of 40 ml. min-1 NTP and a sorbent bed temperature of 600°C. 
Table 4-2 bed height and pressure drop for the different sorbents 
H (mm) AP (mmwater) 
Norit Darco Hg 6 20 
Meta-kaolinite 5 5 
Combustion fly ash A 4 10 
Combustion fly ash B 4 9 
Gasification fly ash 4 4 
Pyrolysed scrap tyre 7 46 
Activated scrap tyre 7 40 
Pyrolysed sewage sludge 4 12 
As shown on Table 4-2, the sorbent bed having the smallest particle size, e. g. the meta- 
kaolinite and the fly ashes (cf § 3.2.1) have the smallest pressure drop. This could be 
explained by the fact that the very fine particles of these sorbents tend to aggregate together 
forming much larger particles which then minimise the pressure drop. For example, SEM 
analyses of the meta-kaolinite surface (Cf. § 3.2.6.6) have shown that some of the particles 
were at least larger than 30 µm. 
It is possible to obtain the equivalent diameter of a non-spherical particle of aggregate in each 
sorbent bed by using the Ergun equation. The equivalent diameter of a non-spherical particle 
is defined as: 
Dp=6 
Volume of the particle 
Eq. 4-1 Surface area of the particle 
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If the case of a spherical particle, the equivalent diameter Dp is then equal to the diameter of 
the particle dp. 
Knowing the bed voidage and the measured bed height for a fixed amount of sorbent, for a 
given superficial velocity of the gas, we can calculate the equivalent diameter of the spherical 
particle that corresponds to the measured pressure drop. 
A relation between equivalent diameter of the non-spherical particle Dp and the pressure drop 
AP in a packed bed can be derived from the Ergun equation: 
f. 
p _ 
150 
+1.75 
Re 
Eq. 4-2 
Here fp and Re are, respectively, the friction factor for the packed bed and the Reynolds 
number, which are defined as follow: 
AP DP 63 
fpL 
pUs 1-6 
Re = 
Dp US P 
0 -£)p 
Where : AP is the pressure drop across the packed bed (Pa) 
US is the superficial velocity of the gas (m. s-1) 
L is the bed height (m) 
µ is the gas viscosity (Pa. s) 
p is the gas density (kg M-3) 
c is the bed voidage 
Dp is a equivalent diameter (m) of the spherical particle defined by: 
Eq. 4-3 
Eq. 4-4 
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Using equation 4-3 and 4-4 in equation 4-2, a relation between the equivalent diameter of the 
non-spherical particle Dp and the pressure drop AP in a packed bed can be written as follow: 
, pL(1-F)D - OPD 
2-1.75U2 
P 
£3 
P 
150US, uL(1-s)2 
3 9 =o Eq. 4-5 
By solving the above second-order polynomial equation, the average particle size can be 
determined for a measured pressure drop. The pressure drops given in Table 4-2 corresponded 
to an inlet nitrogen flow rate of 40 ml. min-l NTP and a sorbent bed temperature of 600°C, 
which means that the superficial velocity of the gas stream inside the reactor at that 
temperature was 6 mm. s-1. From the Perry's Chemical Engineers' Handbook [79], the 
interpolated values for viscosity and density of nitrogen at 600°C were 0.391 kg m3 and 
38.02x10-6 Pa. s, respectively. Therefore, using the thermophysical properties of nitrogen at 
600°C, a superficial velocity of 6 mm. s-1, the bed voidages given in Table 3-4 and a bed 
height given in Table 4-2, the equivalent diameter of a non-spherical particle of aggregate of 
each sorbent bed was calculated, by solving the second-order polynomial equation 4-5 for the 
different pressure drops measured (Table 4-2). Table 4-3 shows that apart from the pyrolysed 
scrap tyre, the pyrolysed sewage sludge and the activated scrap tyre, most of the particles of 
the sorbents tend to aggregate amongst each other. Indeed, comparison with the suppliers' 
particles size presented in section 3.2.1 and Table 3-1, indicates that these sorbents behave as 
aggregates of much larger particles in terms of their pressure drop behaviour, e. g. although 
50%wt of the meta-kaolinite particles are less than 2 µm so, they behave as aggregates of 156 
pm equivalent diameter. Similarly for the combustion ashes A and B, having more than 60% 
of their particles less than 38 pm, they form aggregates with equivalent diameter of 54 and 
156 µm respectively. The size of the aggregate would be even larger (185 µm) for the 
gasification ash which had more than 80% fine particle (<38 pm). Norit Darco having a 
particle size within the 9-15 µm range would also have some aggregation amongst its 
particles. 
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Table 4-3 average particle size calculated for each sorbent bed 
Dp (µm) 
Norit Darco Hg 41 
Meta-kaolinite 156 
Combustion fly ash A 96 
Combustion fly ash B 54 
Gasification fly ash 185 
Pyrolysed scrap tyre 33 
Activated scrap tyre 38 
Pyrolysed sewage sludge 42 
4.7 Operation 
This section provides a general description of the experimental protocol which was common 
for all trace elements studied. More information on the temperatures, the trace element source 
and the sorbents tested are given in the dedicated chapters (Chapters 6,7 and 8) 
Prior to each experiment, the reactor was prepared by immersing its glass components 
overnight in 10%v/v HN03, then washing them in deionised water and acetone before drying 
them under a clean air hood. A clean kaowool felt was inserted at the bottom of the second 
stage which was then introduced into the furnaces. The second stage, including the gas 
exhaust part and the thermocouple well, were assembled according to Figure 4-3-b, such that 
the thermocouple well went through the kaowool felt. The second stage was finally charged 
with 500 mg of the sorbent to be tested, by mean of a long glass funnel. 
In the case of arsenic and cadmium, the trace element vapour was produced in the first stage 
of the reactor. A few milligrams, weighted by TGA (§ 2.7), of solid powder of the trace 
element to be tested were placed in a platinum crucible, and introduced down to the bottom of 
the first stage as shown in Figure 4-7. The first stage was then assembled according to Figure 
4-2-b and finally connected to the second stage. 
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)couple well 
Dan 
ser 
II 
Figure 4-7 Schematic of the generation section configuration (sectional view) 
Once the reactor has been assembled inside the two furnaces, the second stage was preheated 
to the planned test temperature. When the sorbent bed temperature was stable for at least 10 
minutes, two procedures were then followed: 
In the case of arsenic and cadmium, a nitrogen flow rate of 40 ml. min-1 NTP was sent 
thhrough the reactor and the first stage was heated up to the generation temperature to 
produce the trace element vapour The temperatures of each stage were then maintained for 
one hour, before the first stage heater was turned off. The nitrogen flow was maintained, and 
the sorbent bed heated, until the first stage temperature was low enough to ensure that no 
further trace element vapour would be generated and sent through to the sorbent bed. The 
heater of the second stage was then turned off and the reactor allowed to cool down. 
Trace element 
solid powder 
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In the case of mercury, the first stage was heated to the same temperature as the sorbent bed 
and, once stable temperatures had been achieved in both stages, the pump and the mercury 
generator (set to the desired concentration) were switched on and the gas flow rate was set to 
40 ml. min-1 NTP. The temperatures of both stages were held for one hour, before the mercury 
generator, the pump and the heaters were turned off and the reactor allowed to cool down. 
After operation the reactor was disassembled. In the case of arsenic and cadmium, the 
platinum pan was weighted by the TGA balance to determine the exact amount of solid source 
that has vaporised. The sorbent bed was recovered, digested according to the methods 
presented in Chapter 6 and 8 and the relevant trace element content was measured by using 
ICP-AES or ICP-MS. In the case of mercury, the sorbent bed was recovered and analysed, as 
well as the gold amalgamator, using the LECO AMA 254 (§ 2.3). The capture efficiencies of 
the sorbent were then calculated using these measurements. 
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Thermodynamic Equilibrium Modelling 
5.1 Introduction 
In the first part of this chapter (§ 5.2), a theoretical method based on thermodynamic 
equilibrium modelling has been used to evaluate the composition of the trace element species 
formed during coal gasification processes at different temperatures, and to assess the 
influence of sulphur and chlorine compounds present in the gas phase on the equilibrium 
composition. The calculations were performed using typical raw gas composition exiting the 
gasifier, over a temperature range between 100°C and 1000°C, on six selected trace elements 
identified as special interests from literature: Hg, Se, As, Cd, Pb and Zn (§ 1.3.3). 
The aim of the second part of the chapter (§ 5.3), was to predict the partitioning of selected 
trace elements as a function of temperature occurring during the gas cooling stage at the 
Puertollano IGCC plant. This time the calculations were performed using the fuel blend 
composition and operating conditions provided by ELCOGAS. In this study, the 
thermodynamic equilibrium calculations were extended to 17 trace elements present in the 
fuel blend which have been considered as a major concern by various regulatory bodies (Cf. § 
1.1, Table 1-2) . 
In order to assess the validity of the trace element speciation obtained from 
the model, the results were compared with the experimental data available from the 
Puertollano IGCC power plant. 
5.2 MTDATA modelling 
5.2.1 Experimental 
Thermodynamic equilibrium studies have been carried out using MTDATA Version 4.74, a 
software package supplied by the UK National Physical Laboratory [80]. The package 
operates using the principle of 
Gibbs free energy minimisation. This means that all the 
89 
Chapter 5 Thermodynamic Equilibrium Modelling 
elements input to a system are distributed, subject to abundance, between all the possible 
species that could form at equilibrium, at any particular temperature, such that the total 
system Gibbs free energy is always at its minimum value. The gas phase is modelled as an 
ideal gas and the condensed phase as pure substances. The Scientific Group Thermodata 
Europe (SGTE) database supplied by NPL has been employed. The calculations have been 
performed using typical raw gas compositions exiting a gasifier, over a temperature range 
between 100°C and 1000°C, at a pressure of 20bar. The input conditions to the model, i. e. the 
product gas composition and the accompanying trace element concentrations are presented in 
Table 5-1. The effect both of high HCI, and high H2S content in the gas composition have 
been studied independently, using the gas compositions identified as n°2 and n03 in Table 5-1. 
In these calculations, any compounds predicted to form between trace elements have been 
neglected from the MTDATA SGTE substance database V 10.0. Such compounds appear 
because MTDATA predicts equilibrium compositions over infinite time. In reality, however, 
operational constraints on the system, e. g. very dilute concentrations of reactants, as well as 
kinetic and mass transfer constraints, make reactions between two (or more) trace elements 
very unlikely. Residence times available in the gasifier cooling system are unlikely to exceed 
a few seconds. 
Table 5-1 Composition of the coal gasification atmosphere (mol%) 
CO CO2 H2 H2O HCl H2S N2 
Gas comp. no 1 54.12% 3.61% 18.5% 12.11% 0.02% 0.79% 9.49% 
Gas comp. n°2 54. 12% 3.61% 18.5% 12.11% 0.20% 0.79% 9.31% 
Gas comp. n°3 54. 12% 3.61% 18.5% 12.11% 0.02% 5.0% 5.27% 
Na K Ca Mg Fe Al Si Cr Ni 
Gas comp. n°1,2,3 0.02% 0.03% 0.07% 0.02% 0.22% 0.4% 0.62% 2.63ppm 1.53ppm 
Cu Pb As Zn Cd Se Hg 
Gas comp. n'1,2,3 1.51 ppm 0.3ppm 0.3ppm 2.9ppm 0.01 ppm 0.1 ppm 0.0 l ppm 
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5.2.2 Results and Discussion 
Figure 5-1 shows the predicted changes in the equilibrium composition of the major gas 
species as the raw gas is cooled from 1000°C to 100°C. The starting point was the 
hypothetical input gas composition given in Table 5-1. It can be seen that the equilibrium gas 
composition changes significantly as the temperature is reduced. Significantly, the proportion 
of CO plus H2 decreases to zero as the temperature reaches 500°C, with only C02, H2O and 
N2 remaining in the gas phase. The thermodynamic model clearly predicts equilibrium 
compositions shifting from a reducing to an oxidising gas environment, which are not 
observed in the raw fuel gas composition from the real plant. The calculated changes in 
composition in turn lead to the calculation of erroneous trace element distributions in the gas 
and solid streams leaving the gasifier. 
In this work we have attempted to calculate trace element concentrations corresponding to the 
main gas composition known to exit from the commercial gasifier. In order to side-step the 
non-existent gas composition change, MTDATA was constrained to predict the compositions 
of major compounds to be the same as the gasifier exit composition (composition n°I Table 
5-1), despite the temperature decrease along the cooling path being modelled. 
Initially water, water vapour and carbon dioxide were discarded from the database in an 
attempt to keep constant the ratios between the remaining compounds (e. g. CO, H2, N2, HCI, 
H2S), and the gas composition shown as n°4 in Table 5-2 was input into the model. However, 
it was found that even when H20<g> and C02<g> were classified as being absent from the 
database, MTDATA would still predict the formation of some other stable species from the 
major elements (C, H and N) at equilibrium, rather than CO<g> and H2<g>. It has thus been 
necessary to exclude all the possible species that could form between these three elements in 
the gas phase from the database. The thermodynamic equilibrium predictions for the major 
compounds in the gasification atmosphere using this new method are shown in Figure 5-2; the 
mole fraction of each species in the gas phase is given as a function of temperature. Here the 
percentages of H2 and CO are approximately maintained down to about 250°C, with the H2 
dropping sharply thereafter [with partial compensation by the increase of CO]. 
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Table 5-2 New composition of the input gas atmosphere for the major compounds (mol%) 
CO CO2 H2 H2O HCI H2S N2 
Gas comp. n°4 54.12% 0.00% 18.5% 0.00% 0.02% 0.79% 9.49% 
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Figure 5-1 Initial thermodynamic equilibrium prediction for the variation of the major compounds 
concentration as the gas cools down from the gasifier outlet. 
Having established an improved simulation of the invariant major element composition, the 
partitioning behaviour of selected trace elements has been predicted. The calculated 
equilibrium composition profiles are presented as a function of temperature, at different gas 
compositions in Figure 5-3 to Figure 5-13. Figures have not been presented in cases where the 
effects of higher HCl or higher H2S content in the gas composition did not influence the 
equilibrium composition of the trace elements appreciably. 
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Figure 5-2 Evolution of the major compounds concentration when constraining the model to keep the 
main gas composition unchanged. 
5.2.2.1 Mercury 
With the gas atmosphere constrained to remain strongly reducing, mercury is predicted to be 
in the gas phase Hg<g> over the entire temperature range modelled (Figure 5-3). 
Furthermore, the mercury speciation is predicted to be totally independent of both the H2S and 
the HCl concentration in the gas mixture. 
When the initial modelling was attempted using gas composition ri l (changing with 
temperature), the resulting absence of H2<g> and CO<g> in the gas composition, at low 
temperature, had led to the conclusion that mercury would condense as mercury sulfide when 
the temperature dropped below 150°C. Similar formation of mercury sulphide HgS at the 
lowest temperatures (<250°C) was predicted in previous modelling works [23]. It has also 
been mentioned that if the H2S<g> and Hg content in the system was high this could increase 
the temperature at which HgS was formed [30]. At temperatures below 200°C, Hg(CH3)2<g> 
may also be present in a gasification atmosphere [21]. 
Up until now, no information has been available on the speciation of mercury in the gas phase 
at temperature lower than the particulate removal system (250°C). Furthermore in 
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conventional IGCC power plants, the gas stream undergoes further acid gas conditioning 
using wet treatment processes; regrettably no analyses of the scrubbing solution have been 
found. However, studies of the trace elements partitioning on an air-blown gasifier have 
predicted mercury to be in the vapour phase below 400°C thus should pass, theoretically, 
through the hot fuel gas path [26,27]. Similarly, studies conducted on a bench-scale entrained 
flow-gasifier simulating IGCC power plant gas atmosphere conditions, also reported that 
100% of the mercury remains in the gas phase [23]. 
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Figure 5-3 Predicted thermodynamic equilibrium for mercury speciation. 
5.2.2.2 Arsenic 
Figure 5-4 shows that arsenic is predicted to be greatly influenced by the presence of nickel, 
with all the arsenic being contained in the condensed nickel arsenide specie, As2Ni5, at 
temperatures above 300°C. However, below this temperature, arsenic is predicted to form 
preferentially more volatile species, such as arsenic oxide As406<g> and AsH3<g>. These 
interactions between arsenic and nickel have not been mentioned in earlier modelling 
calculations; however a recent study based on the analysis of the solid deposits at different 
locations of the gas cooling system of the IGCC power plant at Puertollano, found the 
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presence of nickel arsenide species and notice that the major condensation of arsenic was 
occurring at temperatures higher than 750°C [81]. When the simulation is repeated with a 
reduced nickel content, as shown in Figure 5-5, only a fraction of the arsenic is predicted to 
form solid nickel arsenide, with the other dominant species above NOT being AsS<g>, 
Ase<g>, Aso<g> and AsH3<g>, depending on the temperature. Figure 5-6 shows the effect of 
increasing the concentration of H2S, where major differences are observed at high temperature 
[condensed nickel arsenide species (As2Ni5) being replaced by volatile species such as 
AsS<g>, AsH3<g>, and Ase<g>]. This was found to be in agreement with modelling work of 
previous authors who also predicted these arsenic species to be formed in the presence of 
H2S(g) and between 500°C and 800°C [21]. In the current study, arsenic speciation was not 
found to be influenced by changes in HC1 concentration. 
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Figure 5-4 Predicted thermodynamic equilibrium for arsenic speciation. 
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5.2.2.3 Selenium 
As shown in Figure 5-7, hydrogen selenide H2Se<g> is predicted to be the stable specie for 
the whole temperature range and, as in the case of mercury, the selenium speciation is not 
influenced by either the H2S or the HCl concentration in the gas. Selenium is thus likely to 
remain in the gas phase even at low temperatures and pass out with the cooled [and cleaned] 
gas, along with mercury. The predominance of H2Se(g) in the gas phase, whatever the 
temperature or gasifier atmosphere, was also found during previous work [21,23,29]. 
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Figure 5-7 Predicted thermodynamic equilibrium for selenium speciation. 
5.2.2.4 Cadmium 
If the gas atmosphere is constrained to remain approximately unchanged, cadmium vapour 
Cd<g> which is the dominant stable species at temperatures above 500°C, is then likely to 
condense as the cadmium sulphide specie, CdS, as the temperature decreases. This is 
generally consistent with earlier studies [21,29]. Although whereas these previous researchers 
suggested the sole formation of CdS below 500°C, the new constant gas atmosphere 
calculation predicts that any cadmium vapour Cd<g> remaining in the gas phase below NOT 
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will form cadmium carbonate CdCO3 in place of CdS (Figure 5-8). Unfortunately cadmium 
has been always found in only very low concentration in the solid residues of actual power 
plants, so that it has not been possible to determine its form of occurrence using XRD [81]. 
Changes in H2S and HCl concentrations do not affect the equilibrium speciation of cadmium 
significantly. 
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Figure 5-8 Predicted thermodynamic equilibrium for cadmium speciation. 
5.2.2.5 Zinc 
Figure 5-9 indicates that the major proportion of the zinc initially present in the gas phase is 
predicted to condense by formation of zinc sulphide, ZnS, over a wide temperature range, 
from NOT and 350°C. XRD analyses of the solid deposits collected at different temperature 
locations in the cooling system of an IGCC plant have shown the presence of zinc sulphide 
species. Wurtzite [ZnS] was identified in a sample corresponding to temperatures higher than 
700°C, whilst sphalerite [(Zn, Fe)S] was found in the sample corresponding to temperatures 
lower than 700°C; with its content increasing as the temperature decreased [81 ]. 
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The presence of H2<g> and CO<g> in the gas at temperatures below 350°C also enables the 
formation of two other condensed species [zinc carbonate, ZnCO3, and zinc sulfate 
heptahydrate ZnSO4,7H20] in place of ZnS. 
Figure 5-10 shows that increasing the content of chlorine in the gas leads to the formation of 
gaseous zinc chloride, in addition to Zn<g>, above 500°C, thereby making zinc more volatile 
overall. The formation of ZnC12(g) in the case of high HCl<g> content in the atmosphere has 
already been mentioned in previous work [21], although no work has been published to date 
on the analyses of the occurrence of trace elements in the solid residues collected at the lowest 
temperature of an actual power plant (e. g. candle filters). 
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Figure 5-9 Predicted thermodynamic equilibrium for zinc speciation. 
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Figure 5-10 Predicted thermodynamic equilibrium for zinc speciation with high HCl concentration. 
5.2.2.6 Lead 
Figure 5-11 shows that above 600°C, lead is predicted to remain in the gas phase as PbS<g>, 
with lower proportions of Pb<g>, PbCl<g> and PbC12<g>. With the main gas composition 
constrained to remain approximately constant, lead behaves in a similar manner to zinc and 
cadmium. Thus the carbonate, PbCO3, and the sulphate, PbSO4, are predicted to form rather 
than PbS or PbC12. Galena [PbS] was also identified in the solid deposits collected from the 
IGCC cooling system at Puertollano, with its concentration decreasing along the gas cooling 
path, i. e. at lower collection temperatures [81]. 
Figure 5-12 indicates that increasing the chlorine content in the gas is predicted to enhance 
significantly the formation of vapour phase lead chloride, PbCl, in addition to PbS<g>, 
PbC12<g> and PbCl<g>. The formation of these volatile chlorinated species at medium 
temperatures (500°C-800°C) in the presence of HC1(g) was also predicted in previous studies 
[21,29]. The volatility of lead is therefore increased and most of the species are expected to 
be in the gas phase at temperatures above 400°C. 
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An increased H2S concentration was observed to inhibit the formation of lead chloride species 
with PbS<g> being the dominant stable species above 600°C (Figure 5-13). This effect of 
H2S<g> was also mentioned in previous modelling work [21]. However, as for zinc, the 
presence of carbonates species at the lowest temperatures has not been confirmed by analysis 
of solid residues from an actual plant. 
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Figure 5-11 Predicted thermodynamic equilibrium for lead speciation. 
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5.3 A case study: thermodynamic equilibrium modelling of the 
partitioning of trace elements at the Puertollano IGCC power plant 
The purpose of this thermodynamic study was to model the trace elements speciation during 
the co-gasification of coal and petroleum coke at the IGCC power station at Puertollano 
(Spain), with particular emphasis on any condensation likely to occur along the gas 
conditioning path as cooling and cleaning occur. The model inputs have been calculated from 
the fuel blend analysis and the operating parameters provided by ELCOGAS, the operator of 
the Puertollano IGCC power plant. 
5.3.1 Experimental 
The Puertollano IGCC plant uses a single entrained flow, oxygen blown Prenflo gasifier with 
dry fuel feed. The fuel used is a 50: 50 blend of low grade Spanish bituminous coal and 
petroleum coke, with the addition of 2.5% limestone [78,81] for sulphur capture. The coal 
has exceptionally high ash content (around 45% wt, d. b. ) whilst the petcoke has high sulphur 
content (around 7% wt, d. b. ). Table 5-3 gives the Proximate Analysis and major oxide content 
of the fuel blend provided by ELCOGAS that have been used to perform the calculations. 
Table 5-3 Proximate analysis and major oxide content (in % wt, dry basis, d. b. ) of the feed fuel blend 
Major oxide content Fuel proximate analysis 
Set Mean (% wt, d. b. ) Set Mean (% wt, d. b. ) 
A1203 5.5 moisture 1.13 
CaO 1.2 HTA 24.97 
Fe203 1.4 C 63.93 
K20 0.6 H 3.15 
MgO 0.2 N 1.35 
MnO 0.0 O* 5.47 
Na20 0.0 
P205 0.0 
Si02 10.8 
SO3 4.5 
Ti02 0.2 
* Calculated using determined values (by difference) 
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The raw gas leaves the gasifier at 1600°C but requires cooling, because the cleaning systems 
used to retain the fly ash (candle filters) and remove the acid gases operate at much lower 
temperatures. The raw gas is first cooled from 1600°C to NOT by mixing directly with a 
quench gas flow at 235°C. The gas then goes to a convective steam generator to produce high 
pressure steam (126 bar) which reduces its temperature down to 400°C. The temperature of 
the gas is further reduced from 400°C to 235°C in a second convective steam generator, 
producing medium pressure steam at 35 bar, before passing through the candle filters. The 
wet final scrubbing step takes the cleaned gas temperature down to near ambient. Some key 
operating parameters of the plant are summarised in Table 5-4. 
Table 5-4 Operating parameters at ELCOGAS Puertollano Power plant 
Pressure 34 bars 
02/fuel ratio 0.65 
Steam/fuel ratio 0.1 
2.717 Nm3. h-' injection of N2 for 102.567 kg. h-' of fuel 
Temperatures: 
Gasification 1600°C 
First Step cooling 800-1600°C 
HP evaporator 400-800°C 
LP evaporator 265-400°C 
Candle filters 235°C 
The thermodynamic equilibrium calculations were performed on 17 trace elements in the fuel 
blend, indicated in Table 5-5. The trace elements selected are those considered as being of 
most concern to human well-being, and the environment, by various regulatory bodies (Cf. § 
1.1, Table 1-2. The calculations were performed using the method developed in section 5.2 to 
avoid the spurious gas composition change [from reducing to oxidising condition] predicted 
when the initial feed flows were input to the model. This has meant that in addition to 
H20<g> and C02<g>, all the possible species that could form in the gas phase between the 
major elements (C, H and N) were classified as being absent from the database. 
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Table 5-5 Trace element contents (in mg. kg-', d. b., except for Hg, µg. kg-', d. b. ) in feed fuel blend 
set 
cl 
B 
F 
As 
Ba 
Be 
Bi 
Cd 
Co 
Cr 
Cs 
Cu 
Ga 
Ge 
Hf 
Hg 
La 
Li 
Mo 
5.3.2 Results and discussion 
mean set mean 
1438 Nb 3 
27 Ni 150 
272 Pb 102 
23 Rb 24 
109 Sb 9 
2 Sc 8 
1 Se 3 
1 Sn 1 
8 Sr 25 
20 Ta 2 
15 Th 5 
18 Ti 2 
5 Tm 0 
5 U 4 
2 V 520 
202 W 7 
11 Y 10 
30 Zn 189 
7 Zr 17 
Figure 5-14 shows the predicted changes in the equilibrium composition of the major gas 
species as the raw gas produced from the gasifier is cooled from 1600°C to 100°C, using the 
new method (similar, but not identical to Figure 5-2, which is based on the initial, 
hypothetical input conditions). When comparison is made with the actual raw gas analysis, 
measured at the gasifier exit of the Puertollano plant (see Table 5-6), it is apparent that the 
model is giving satisfactory reproduction of the main gas composition. 
Table 5-7 shows the speciation of the trace elements in gas phase [orange] or condensed phase 
[blue] as the temperature decreases along the cooling path from the gasifier exit down to the 
candle filters. This Table shows the trace elements species that would be likely to form in the 
temperature range corresponding to each major process of the cooling and cleaning systems, 
listed in Table 5-4, after the gasification region. As shown in this Table, it is possible for 
condensed and vapour species to co-exist within a given temperature range. 
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Figure 5-14 Evolution of the major compounds concentration when constraining the model to keep 
the main gas composition unchanged. 
Table 5-6 Raw gas composition at the gasifier exit for the major compounds (mol%) 
CO CO2 H2 Ar H2S N2 
60% 3% 21% 1% 0.8 ppm 13% 
From these results, boron, mercury and selenium are predicted to be in gas phase at the lowest 
temperatures as B(OH)3<g>, Hg<g> and H2Se<g>, respectively, and thus likely to pass out 
with the cooled and cleaned gas. A majority of the trace elements, e. g. Pb, Cr, Co, Sb, Be, Ba, 
V, Ni, Ti and Cu, are predicted to form chlorine species. In section 5.2, modelling studies 
have shown that chlorine species are more volatile than the sulphides species and, therefore, 
tend to remain in the gas phase at much lower temperature. In this study, the model is 
preferentially forming chlorine species at thermodynamic equilibrium, possibly due to the fact 
that the concentration of chlorine in the fuel blend use at Puertollano (1438 ppm) is at the high 
end of the spectrum found for coals (50-2000ppm) [15]. 
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The volatility of arsenic was found to be linked strongly to the nickel concentration in the raw 
gas. In this study, where the nickel content is found to be high in the fuel blend due to the pet- 
coke addition (251 ppm against 64 ppm in the coal), the major portion of the arsenic is 
predicted to condense, as nickel arsenide AsNi5, within the system e. g. onto ash particles in 
the region of the HP evaporator (400-800°C). With the exception of boron, selenium and 
mercury, below 400°C all the trace elements are predicted to condense within the system as 
oxides species (e. g.: Cr03, SbO3), carbonates species (e. g.: PbCO3, BeCO3, CoCO3) or 
sulphate species (e. g.: ZnSO4.7H20). It is interesting to note that the speciation of Fluorine 
given in Table 5-7 was obtained with HF<g> being discarded from the MTDATA database. If 
HF<g> was present in the system, then it would be the dominant species along the whole 
temperature range. 
As already mentioned in section 5.2, no data are available currently on the speciation of trace 
elements in the gas stream at the Puertollano IGCC plant, just limited information on the 
occurrence of some trace elements in solid deposits collected from different location in the 
gas cooling system [81,82]. Nickel arsenide has certainly been identified in deposits from the 
evaporator (400-800°C) [81], however most of the arsenic was believed to condense at high 
temperature, i. e. above 750°C. These observations are consistent with the model predictions 
shown in Table 5-7. 
The mercury and selenium contents of all the solid residues analysed, including the fly ashes, 
were too low to be measured by the analytical techniques available, suggesting that most of 
these elements remained in the gas stream after the particulate removal system (candle filters). 
Previous modelling studies have also predicted that boron remains stable in the gas phase over 
a wide temperature range [21] but, unfortunately, no data on boron speciation in working 
plants is available in the literature, possibly because of difficulties associated with 
quantification of this particular element. 
The presence of galena (PbS) and anglesite (PbSO4) has also been identified in the solid 
deposits collected at various locations in the gas cooling system at Puertollano [81]. Using the 
fuel blend composition and operating parameters at the Puertollano plant as inputs, the model 
predicts that lead chloride forms preferentially at equilibrium, rather than galena (PbS). 
However, the preliminary thermodynamic equilibrium study [see section 5.2.2.6] has 
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suggested that preferential formation of lead sulphide, or lead chloride, is dependant on the 
H2S<g> or HCl <g> content in the gas atmosphere. This suggests that under real plant 
conditions the species in the gas phase behave in a different manner to that predicted by 
thermodynamic equilibrium. The reaction of lead with hydrogen sulphide would probably be 
more favourable kinetically than that with hydrogen chlorine. This could also be the case for 
zinc, which was predicted to be more volatile in the Puertollano-based modelling study [due 
to the formation of chlorine species] than found in the preliminary study [see section 5.2.2.5] 
or observed at the Puertollano plant, where sulphide species predominated in deposits, i. e. 
wurtzite [ZnS] and sphalerite [(Zn, Fe), S] [81]. 
Although the analyses of the solid residues collected in the Puertollano IGCC cooling system 
have indicated the presence of cadmium and thallium, their concentrations were below the 
detection limits for XRD and their modes of occurrence could not be determined. Cadmium 
compounds were found to undergo condensation at the highest temperature (>750°C) whereas 
Ti compounds underwent condensation at temperature ranging from 520 to 570°C [81]. As 
shown in Table 5-7, due to the formation of chloride species, thallium and cadmium are 
predicted to remain stable in the gas phase at temperature higher than 400°C. However, the 
preliminary studies [see section 5.2.2.4] shown that cadmium could also condense in the 
system at temperature below 500°C by formation of cadmium sulphide (CdS). Therefore, as 
in the case of lead, noted previously, it must be concluded that trace elements do not always 
behave as predicted by thermodynamic equilibrium modelling, particularly if their speciation 
is influenced by the acid gases present in the gas stream. Kinetics constraints are not 
considered during thermodynamic modelling calculations but may, none-the-less, have 
significant influence under some circumstances. 
Table 5-7 also shows that vanadium is an element of particularly low volatility. Temperatures 
above 1400°C are necessary for VC12<g> to be present in the gas phase. Otherwise mainly 
condensed species are present, i. e. VC0.88 and oxide species, with V203 predominating 
between 400 and 1400°C and V02 at the operating temperature of the candle filter. This 
prediction is consistent with earlier modelling work predicting V2O3 as the most stable 
species at temperatures above 500°C [21]. Similarly, vanadium was classified as non-volatile 
over the temperature range from 380 to 1380°C by other previous authors [28]. Traces of 
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vanadium oxide have been detected by XRD in solid deposits collected from the 400 to 700°C 
region of the cooling system of the Puertollano plant [81 ]. 
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Chapter 5 Thermodynamic Equilibrium Modelling 
5.4 Conclusions 
The use of thermodynamic equilibrium calculations to predict trace element speciation during 
the cooling of process gas must be approached carefully. This is particularly true in the case 
of coal gasification systems where the initially reducing (CO, H2 rich) gas mixture, observed 
at the gasifier outlet (at 850-1000°C, typically), is predicted to become strongly oxidising 
(C02, H2O rich) as the temperature at equilibrium is progressively dropped (to 100-200°C, 
typically). However, in real gasification plants this cooling process occurs quickly (a few 
seconds) so that the gas composition is virtually frozen by kinetic limitations. In this study, it 
has proved possible to constrain the MTDATA thermodynamic equilibrium model to yield 
approximately constant major gas compositions over the desired cooling range, by excluding 
certain components from the model database. Predictions of the partitioning behaviour of 
selected trace elements have been made using the constrained model, and taking a 
hypothetical set of input conditions, based on literature values. A range of observations have 
been made from these predictions, as follows: 
  Mercury and selenium are predicted to be volatile and remain in the gas phase as 
Hg<g> and H2Se<g>, respectively, over the full temperature range studied, 1000 - 
100°C. 
  The volatility of arsenic appears to be linked strongly to the nickel concentration in the 
raw gas. In the case of a high nickel content fuel, like petroleum coke, the major 
portion of the arsenic is predicted to condense within the system, e. g. onto ash 
particles, as nickel arsenide. However, in the absence of nickel, the dominant arsenic 
species are predicted to be in the gas phase, even at low temperature (200°C), and thus 
arsenic could pass along the gas cooling path along with mercury and selenium. 
  Above 600°C, both cadmium and lead are predicted to be stable in the gas phase as 
Cd<g>, PbCl<g>, PbCl2, PbS<g> and Pb<g>. However, the predicted condensation of 
zinc to the stable sulphide specie is expected to occur over a wide temperature range, 
from 800-400°C. At temperatures below 300°C, lead, cadmium and zinc will all 
condense in the system by forming carbonate or sulphate species. 
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When the operating conditions and fuel blend composition of the IGCC plant at Puertollano 
are used as specific inputs, the model predictions that only boron, mercury and selenium are 
likely to be highly volatile and remain in the gas phase, even after the particulate removal 
system (Candle filters). As in the preliminary modelling study, the volatility of arsenic 
appears to be linked strongly to the nickel concentration in the raw gas. The major portion of 
the arsenic is predicted to condense within the system, e. g. onto ash particles, as nickel 
arsenide. 
Cadmium, lead, zinc, antimony, cobalt, thallium, nickel and copper are all predicted to be 
stable in the gas phase, at temperatures above 400°C, mainly in elemental or chloride forms. 
The predominance of chloride species is related to the relatively high chlorine content in the 
fuel blend used at Puertollano; this tends to increases the volatility of the trace elements. The 
current thermodynamic study has also indicted that the preferential formation of lead 
sulphide, or lead chloride, species depends on the H2S<g> or HC1 <g> content in the gas 
atmosphere. The fact that sulphides species, such that galena (PbS) and wurtzite (ZnS), have 
been identified in some of the solid deposits recovered from the gas cooling system of the 
Puertollano plant suggests that, under real plant conditions, the gas phase species behaviour 
does not always accord with thermodynamic equilibrium predictions. The reactivity of lead 
towards hydrogen sulphide would probably be more kinetically favoured than that with 
hydrogen chlorine. 
The above observations thus leave only boron, selenium and mercury present in the product 
gas once the temperature has reached 400°C. All the other trace elements are predicted to 
condense within the system, generally as oxide, carbonate or sulphate species. Thus, in the 
Puertollano plant, it is to be expected that most of the trace element inventory of the fuel 
blend will have been removed from the gas by the time it has reached the candle filters, either 
by condensation onto ash particles in the evaporator sections or onto fly ashes collected by the 
filters themselves. In addition, the gas stream undergoes further conditioning after the candle 
filters. Contact with an aqueous NaOH solution, in a venturi-type device, to remove HC1, HF, 
NH3 is followed by an adsorption column using MethylDiEthanolAmine (MDEA) for 
selective capture of H2S. It is possible that some of the residual trace elements in the gas, 
including mercury, boron and selenium, may be removed by the scrubbing solutions. 
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Unfortunately, no analyses of spent scrubbing solutions from acid gas treatment units are 
available. 
However, it is anticipated that IGCC technology will evolve to include gas cleaning at 
significantly higher temperature than used at Puertollano, in order to increase the 
thermodynamic efficiency of the gasification cycle. A clean gas temperature in the region of 
400-500°C has been postulated as a desirable target from process and overall efficiency 
considerations. Clearly, the control of volatile trace elements will become more problematic 
at such temperatures. Several of the trace elements studied in the current project are predicted 
to be in the gas phase, at least partially, at 400°C and could theoretically pass out with the fuel 
gas if not specifically removed. Possible damage to turbine components, e. g. by deposition of 
Pb or Zn, together with release to the environment of toxic components in the exhaust gases 
would then result. 
As a final comment, it is important to stress that these calculations suggest significant 
sensitivity of trace element speciation to both temperature and the sulphur/chlorine content in 
the gas atmosphere. Furthermore, it must be recognised that there is always the possibility that 
certain trace element species concentrations may be kinetically frozen at, or near, their 
gasifier exit values, in a similar way to the major gaseous components. This effect would lead 
to some trace elements being more volatile under real plant conditions than predicted by the 
thermodynamic equilibrium model. 
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The Study of Arsenic Removal 
6.1 Introduction 
The objective of this chapter is to present a study of the effect of temperature on the arsenic 
capture efficiency of selected sorbents. An attempt has been made to understand the capture 
mechanism via analysis of the adsorption results, taking into account mass transfer 
considerations. Scanning Electron Microscopy and X-Ray Powder Diffraction techniques 
have also been used in an attempt to identify the nature of the compounds formed between the 
adsorbed arsenic species and the sorbent matrix. 
6.2 Experimental 
6.2.1 Quantifying arsenic captured by the sorbents: digestion procedure and analytical 
techniques. 
Before presenting the technique for generating arsenic vapour species and the experimental 
protocol of this study, it is important to introduce the procedure used for the recovery and 
analysis of the arsenic captured by the test sorbent. The generation of arsenic vapour and the 
operating conditions will then depend on the considerations explained in this section. 
As mentioned in section 2.1, the quantification of arsenic in sorbents by ICP-AES or ICP-MS 
requires that the sample be dissolved in an acidic solution. The method commonly used is a 
closed digestion technique that involves the use of a microwave oven and a pressure vessel to 
contain the sample and acids, minimising loss of vapours containing arsenic. 
Earlier studies have been conducted in our laboratories for developing methods to digest small 
amounts of ash and coal samples [58]. These past studies involved the development of two 
extraction techniques, open vessel acid digestion and microwave digestion, for the 
114 
Chapter 6 The Study of Arsenic Removal 
quantification of 17 trace elements from coal and ash standards using sample amounts as 
small as 5 mg. The results reported for reference materials using open vessel acid digestion 
have shown very poor agreement with certified values for arsenic, due to residual chlorides 
(derived from perchloric acid used in digestion) that caused polyatomic interferences during 
ICP-MS analysis (cf. § 2.2). However, good agreements with the certified values for arsenic 
were obtained while using microwave digestion. The use of nitric acid only, and a closed 
vessel, was sufficient to extract arsenic from the ash and coal matrix. These results suggest 
that arsenic is associated with minerals other than silicates which are digestable by nitric acid 
(hydrofluoric acid being required to break down silicates). The microwave HNO3 leaching of 
ash samples exhibited very good long-term reproducibility for arsenic quantification (3% 
RSD). The RSDs were generally below 8% for the coal reference standard. 
The current experiments on arsenic capture by sorbents required a larger mass of sample (500 
mg) to be analysed. However, the largest size of microwave vessel used in our laboratory was 
50 ml, in order to limit the quantity of concentrated nitric acid that would have to be 
introduced with the solid in the vessel, for safety purposes. As a result, each sorbent bed was 
dividing into two parts which were digested separately. In the current study, the aim has thus 
been to develop a microwave extraction technique for arsenic quantification in 250 mg sample 
size, using only nitric acid reagent. The influence of the digestion temperature and the holding 
time on arsenic recovery has been tested on the standard reference material. The tests were 
conducted on a coal fly ash standard reference material SRM 1633b, provided by the National 
Institute of Standards and Technology NIST. The SRM 1633b coal ash has the highest arsenic 
content, at 136.2 mg. kg 1 (ppm''), of all the available reference materials, making it possible 
to analyse the digested samples on the ICP-AES machine in the Chemical Engineering 
Department, as well as on ICP-MS. The certificate supplied with SRM 1633b recommends a 
minimum size sample of 250 mg. 
250 mg of ash reference material and 20 ml of 69% Aristar grade HNO3 acid were mixed in a 
clean 50 ml PTFE vessel with a screw top, which was then placed on the carousel. The 
carousel was placed in the microwave oven, in this instance a CEM corporation MARS 
model. Once the selected heating programme was completed and the sample had undergone 5 
min ventilation, the carousel was removed and kept in a freezer, at -18°C for one hour, to 
minimise the loss of volatiles and gases on opening. The sample was finally poured from the 
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vessel into a 25ml calibrated flask; I ml was then pipetted and diluted in 10% HNO3 to make 
up a final 10 ml solution. The solution was finally syringed and filtered with 0.45 µm PTFE 
PURADISCTM from Whatman® to eliminate the remaining solid. The microwave digestion 
program used was a temperature control program, including a ramp to the temperature of 
digestion and a holding time at that temperature. 
In these tests, using a sample mass of 250 mg, a volume of acid of 20 ml and 10-fold dilution 
after filtration, the dilution factor following digestion, according to Equation 2.1, was in the 
range of 800. The arsenic concentration in the liquid sample to be measured by ICP-AES 
following the digestion of the NIST 1633b, with an arsenic content of 136.2 ppmw (mg. kg-1), 
was therefore 0.17 ppm" (mg. 1-1). Table 6-1 shows the effect of the digestion temperature and 
the holding time on the arsenic extraction. In Table 6-1-a, 6-1-b, 6-1-d and 6-1-e the effect of 
temperature, over the range from 80 to 200°C, was studied at a fixed holding time of 15 min. 
It was apparent that 80°C was not high enough to extract all the arsenic contained in the ash 
sample, with measured concentrations 20% less than the certified value. However, 200°C was 
too high, with >50% difference from the certified value, due to the lost of acid vapour 
containing arsenic. The best results were obtained at 130°C with 10% difference from the 
certified value. Table 6-1-b and 6-1-c also show that increasing the holding time beyond 15 
min, to 30 min, did not improve the arsenic extraction. 
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Table 6-1 ICP-AES analysis of the samples digested with 20 ml of HN03: influence of temperature 
and holding time 
Sample 
ID 
Conc. 
(Sample - mg. L-t) 
o RSD (/o) mass (mg) D. F. 
Conc. 
(solid - mg. kg-1) 
diff. from 
Certified Value (% ) 
a- Ramp temperature to 80°C in 30 min - Hold 15 min 
Sam001 0.142 5.03 248.10 806 114.31 -19.20 
Sam002 0.150 3.08 250.90 797 119.73 -13.80 
Sam003 0.141 3.08 249.60 801 113.30 -20.20 
b- Ramp temperature to 115°C in 30 min - Hold 15 min 
Sam004 0.139 5.60 254.10 787 109.56 -24.30 
Sam005 0.139 18.11 255.00 784 109.25 -24.70 
Sam006 0.132 15.04 251.10 796 105.06 -29.60 
c- Ramp temperature to 115°C in 30 min - Hold 30 min 
Sam007 0.141 9.88 257.90 775 109.34 -24.60 
Sam008 0.136 9.35 250.40 799 108.63 -25.40 
Sam009 0.130 13.56 255.60 782 101.72 -33.90 
d- Ramp temperature to 130°C in 30 min - Hold 15 min 
SamO10 0.159 12.10 251.50 795 126.4 -7.70 
SamO11 0.155 12.66 249.80 801 124.1 -9.80 
SamO12 0.155 3.79 250.40 799 123.8 -10.00 
e- Ramp temperature to NOT in 30 min - Hold 15 min 
SamOl3 0.110 22.20 249.60 801 88.35 -54.20 
SamO14 0.072 23.38 256.50 780 56.07 -142.90 
SamO15 0.101 15.39 255.80 782 78.75 -73.00 
For ICP-AES analysis, if a dilution factor of 800 was applied, the limit of detection (cf. § 2.2, 
equation 2-2) for arsenic was found to be 40 mg. kg-1. This value therefore represented 30% of 
the measured concentration for the reference standard (136.2 mg. kg-1). The sample were then 
analysed by ICP-MS at Kingston which offered better limits of detection. The sample had to 
be further diluted five times in order to be suitable with the ICP-MS instrument (matrix of 2% 
Nitric acid). The dilution factor was then in the range of 4000. As shown on Table 6-2 the 
results obtained were much better in term of repeatability with an RSD less than 2% and a 
difference from the certified value less than 5%. For ICP-MS analyses, the LOD for arsenic 
measurement was around 0.12 mg. kg-1, which represented 0.08% of the measured 
concentration for the reference standard (136.2 mg. kg-1). 
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Table 6-2 ICP-MS analysis of the samples digested with 20 ml of HNO3 
Sample 
ID 
Conc. 
(Sample - µg. L-1) 
o RSD (/o) mass (mg) D. F. 
Conc. 
(solid - mg. kg') 
diff. from 
Certified Value (% ) 
Ramp temperature to 130°C in 30 min - Hold 15 min 
SamO16 32.410 1.63 249.80 4003 129.74 -4.70 
SamO17 32.305 1.48 249.70 4005 129.38 -5.00 
Sam018 32.779 1.65 248.50 4024 131.91 -3.20 
In order to obtain better ICP-AES results, and get better LOD for arsenic in the sample, the 
volume of acid used was reduced from 20 ml to 10 ml which lowered the dilution factor to 
400 and, therefore, increased the concentration to be measured in the solution coming from 
the digestion of the standard reference material (, KIST 1633b) to 0.34 ppm'. This also 
significantly reduced the amount of concentrated nitric acid (69%) to be treated for disposal, 
as well as the safety problems. As shown in Table 6-3-a, reducing by half the amount of acid 
used has slightly improved the arsenic extraction compared to the results obtained with 20 ml 
(Table 6-1-d). It has also reduced the RSD from 12% to 7%. With this procedure, the results 
obtained were now within 10% of the certified value. The samples have also been analysed 
using ICP MS, with a dilution factor of around 2000 giving a concentration to be measured of 
68.10 ppb`'. The results are presented in Table 6-3-b. The RSDs were good (below 2%), and 
the results very close to the ICP-AES values. 
The results presented above show that arsenic can be fully extracted from the sample using 
only concentrated nitric acid and an appropriate temperature programme. This also confirms 
the results obtained in past studies, for the digestion of samples with smaller mass [58]. 
Furthermore, the use of nitric acid as a single reagent also makes it possible to analyse the 
samples by ICP-MS, since possible polyatomic interference from chlorine is avoided (cf. § 
2.2). In summary, the digestion method used in the current study for the extraction of arsenic 
from the sorbent tested is given in Table 6-4. This method has been shown to extract arsenic 
efficiently from the SRM 1633b fly ash, with differences of less than 10% from the certified 
value when using ICP-AES. This was particularly satisfying considering the closeness to the 
LOD. This also means that the set-up of the arsenic experiments, explained in the next 
section, will have to be made by taking into account the dilution factors, and the LODs of the 
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instruments so that the measurement of the arsenic concentrations in the sorbents can be made 
with confidence. 
Table 6-3 ICP-AES and ICP-MS analysis of the samples digested with 10 ml of IN03 
Sample 
ID 
Cone. 
(Sample - mg. L-I) 
o RSD (/o) mass (mg) D. F. 
Conc. 
(solid - mg. kg-1) 
diff. from 
Certified Value (% ) 
a- ICP-AES - Ramp temperature to 130°C in 30 min - Hold 15 min 
SamO19 0.330 7.49 253.60 394 130.1 -4.50 
Sam02O 0.348 4.74 251.20 398 138.5 -1.70 
Sam021 0.319 6.99 247.90 403 129 -5.50 
b- ICP-MS - Ramp temperature to 130°C in 30 min - Hold 15 min 
Sam022 63.95 1.20 249.00 2008 128 -5.70 
Sam023 65.91 0.72 251.60 1987 131 -3.80 
Sam024 63.48 1.05 249.50 2004 127 -6.60 
Table 6-4 Microwave digestion method parameters 
Acid HN03 Aristar 69% 
Volume of acide 10 mL 
Mass of sample 250 mg 
Digestion program Temperature control 
Temperature 130°C 
Ramp to temperature 30 min 
Hold at temperature 15 min 
6.2.2 Generation of arsenic vapour species 
In order for the bench-scale adsorption experiments to be comparable with an actual IGCC 
plant, it is important to send through the sorbent bed a synthetic flue gas containing the 
dominant arsenic species at the temperature of the study. 
Thermodynamic equilibrium modelling has shown that, under reducing conditions, over the 
temperature range between 200°C and 500°C, tetra-arsenic Aso<g> was with arsine AsH3<g> 
the predominant species (cf section 5.2.2.2). Due to the fact that arsine was a very toxic and 
extremely flammable gas, for safety reasons, the testing of the sorbent with tetra-arsenic 
vapour was preferred. Furthermore, thermodynamic equilibrium modelling predicted that with 
pure nitrogen gas, the arsenic species 
formed from elemental arsenic, matched with the 
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predictions of a full gasification atmosphere composition (Figure 6-1 and Figure 5-5). The 
experiments have been conducted in the absence of nickel. In the real plant situation the 
amount of arsenic remaining in the vapour phase could be reduced by interaction with nickel, 
to form solid nickel arsenide species. The data presented here thus represent a worse case 
scenario for volatile arsenic species. 
It is also important that a sufficient amount of arsenic vapour is produced during the 
experiment such that even if the sorbent tested captures only a very small amount; it can be 
measured confidently by the analytical techniques. This will depend on the dilution factor 
defined by the digestion procedure and the limits of detection of the machines (ICP-MS or 
ICP-AES) (Cf. § 6.2.1). 
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Figure 6-1 Predicted thermodynamic equilibrium for arsenic under nitrogen. 
The LOD for arsenic were found to be 60 ppbw (pg. kg-) for ICP-MS and 20 ppm' (mg. kg-1) 
for ICP-AES if dilution factors of 2000 and 400, respectively, were applied. (Cf. § 6.2.1). In 
order to be able to use the ICP-AES facility in the Chemical Engineering Department, instead 
of the ICP-MS facilty at a remote site, the minimum arsenic concentration in the sorbent had 
to be 20 (mg. kg-'). Thus, if the mass of to be sorbent tested was 500 mg, the minimum 
amount of arsenic captured by the sorbent that could be measured was 10µg. If this were to 
correspond to a minimum measurable capture efficiency of 1%, we would need to pass at 
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least 1000 µg into the sorbent bed during the course of a one hour of experiment, i. e 277 ng. s- 
i 
Preliminary Thermo Gravimetric Analysis (TGA), under nitrogen, of some arsenic powder, 
supplied by Sigma Aldrich with a purity of 99.997%, has shown that a temperature in the 
range of 150-160°C would be sufficient to produce a rate of evaporation of less than 500 ng. s- 
1 (Figure 6-2). For the sorbent bed reactor, a temperature of 160°C was found to be 
satisfactory to generate the required 1000 mg of arsenic vapour over one hour of experiment. 
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Figure 6-2 Evaporation rate of arsenic powder 99.997% under nitrogen (40 ml. min-', I O'C. min-1) 
The desired release of around 1000 µg of arsenic during al hour experiment, with a nitrogen 
flow rate of 40 ml. min-1 NTP, resulted in a concentration of arsenic (As4) in the gas phase in 
the region of 416 µg. L-1. This concentration is the least necessary for the estimation of low 
levels of arsenic capture, by the sorbent in the novel reactor, using ICP-AES rather than ICP- 
MS for arsenic quantification. It is recognised that this arsenic concentration is nearly 60 
times higher than the typical concentration in the raw gas of an IGCC power plant (Cf. section 
4.5) 
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6.2.3 Arsenic retention by the sorbent bed 
Arsenic condensation on the wall of the reactor becomes a problem if the temperature drops 
below the generation temperature of 160°C, at any point. Therefore, the furnaces were placed 
and insulated in such way that all the vaporised arsenic reached the sorbent, without prior 
deposition on the reactor wall above the bed. A minimum temperature of 200°C was selected 
for the first adsorption study, followed by a second study at a temperature of 400°C. 
The different sorbents tested in this study were: 
- Norit Darco "Hg" 
- Meta-kaolinite 
- Combustion fly ash A 
- Combustion fly ash B 
- Carbon black produced by pyrolysis of scrap tyre 
- Activated carbon produced by pyrolysed and activation of scrap tyre 
The initial concentrations of arsenic present in each sorbent are listed in Table 6-5; they have 
been determined by ICP-MS or ICP-AES analysis. Details on the ICP analyses for each 
sorbents can be found in Appendix C. The mass of sorbent used in each experiment was 
around 500 mg, which means that the initial amount of arsenic in the sorbent varied from 0.3 
µg for pyrolysed scrap tyre, up to about 62 pg for the combustion fly ash B. Since the amount 
of arsenic vaporised from the generation section for the time of the experiment (one hour) was 
in the region of 1000 µg, the highest initial content of arsenic was less than 6% of this figure. 
Table 6-5 Initial Concentration of Arsenic in the sorbents. 
Initial arsenic conc. (mg. kg ) 
Norit Darco Hga 0.91 + 0.01 
Pyrolysed scrap tyrea 
Activated scrap tyreb 
Combustion fly ash Aa 
Combustion fly ash Bb 
Meta-kaolinitea 
a- analysed by ICP-MS 
b- analysed by ICP-AES 
0.59 ± 0.06 
0.00 
58.60 ± 0.54 
124.35 ± 5.13 
14.27 ± 0.06 
122 
Chapter 6 The Study of Arsenic Removal 
6.2.4 Operation 
Each arsenic adsorption experiment was conducted according to the operating procedure 
presented in section 4.7. A few milligrams of arsenic powder (99.997% purity) were weighted 
and placed in a TGA platinum pan that was then introduced in the first section of the reactor 
as explained in section 4.7. Once the temperature of the sorbent bed was stable for at least 10 
min, a nitrogen flow rate of 40 ml. min"1 NTP was sent through the reactor and the first stage 
was heated up to 160°C. After one hour of experiment, the remaining arsenic solid source was 
weighted and the sorbent bed was collected. The sorbent was then digested according to the 
method developed in section 6.2.1 and analysed for arsenic content using ICP-AES or MS. 
6.3 Results and discussion 
6.3.1 Arsenic capture efficiencies of the sorbents 
The capture efficiencies' for each sorbent, at 200°C and at 400°C, are illustrated in Figure 6-3. 
Details of the ICP analyses and digestion results can be found in Appendix C. 
As mention in section 4.6.2, due to our experimental constraints and the fact that all the 
sorbents were different, as the test temperature was changed from 200 to 400°C the interstitial 
velocities were increased and therefore the residence times in the bed were decreased. For all 
our experiments, it was therefore important to consider the influence of the residence time 
while comparing and interpreting our results on the variation of the capture efficiencies as a 
function of temperature. Calculations of the interstitial velocities and residence times, 
according to the test temperature and the sorbents properties, are given in Appendix C (Table 
C. 19). Figure 6-4, shows the residence time in the bed for each experimental configuration 
according to each sorbent bed properties and test temperature. 
Although, we would have expected that the capture efficiency decreases as the temperature 
increases, the commercially available activated carbon Norit Darco "Hg" appeared to have a 
1 The capture efficiency is the ratio of the amount of trace element capture by the sorbent at the temperature 
studied compared to the amount of trace element vaporised from the generation section. 
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similar high efficiency at both temperatures. In Figure 6-3, if we consider the experimental 
errors, we can notice that both efficiencies were within the range of 70%. Also, as shown on 
Figure 6-4, as the test temperature was increased from 200°C to 400°C, the residence time was 
reduced by one and half times. This should have caused the capture efficiency to be lower at 
400°C since the contact time between the sorbent and the arsenic vapour was smaller. This 
makes the understanding of the capture mechanism of arsenic more complex than just 
physical adsorption alone. Indeed, as the temperature was increased the arsenic species were 
more volatile and, in addition to the mass transfer effects, this should have caused the capture 
efficiency at 400°C to be smaller. This suggests that some elements present in the active 
carbon chemically enhanced the capture of arsenic as the temperature was increased. 
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Figure 6-3 Arsenic capture efficiency of the different sorbents tested in this study 
Meta-kaolinite and fly ashes exhibited a comparable efficiency of around 55% at 200°C, 
which then dropped as the test temperature was increased to 400°C. If we compare the 
variation of the residence time as a function of temperature for these three sorbents (Figure 
6-4) with their corresponding capture efficiencies, we can note a correlation. This observation 
suggests that, unlike Norit Darco "Hg", the arsenic capture mechanism for meta-kaolinite and 
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the fly ashes is the same at both temperature and could be dependent on the contact time 
between the vapour phase and the solid phase 
Although the surface areas of the meta-kaolinite and the fly ashes were notably smaller than 
Norit Darco "Hg", 5 or 15 m2. g"1 compared to 660 m2. g-1 (Table 3-3), this did not seem to 
have a major effect on their capture efficiencies (Figure 6-3). Similarly, these three sorbents 
and the pyrolysed scrap tyre shown capture efficiencies in the same range at 200°C despite 
having smaller surface area and only half the residence time (Figure 6-4). This could suggest 
that in the case of the fly ashes and the meta-kaolinite, chemical adsorption is the main 
capture mechanism, with surface area and physical adsorption making only a minor 
contribution. 
The pyrolysed char from scrap tyre showed similar trends to Norit Darco "Hg". Considering 
the experimental errors, the capture efficiencies are broadly similar (around 55%) at NOT 
and 400°C, despite having smaller residence time at the higher temperature. We can also 
notice that the residence times in the sorbent bed for the pyrolysed scrap tyre and the Norit 
Darco "Hg" were in the same range for each temperature, around 1s at 200°C and 0.7 s at 
400°C. The difference in terms of capture efficiency at 200°C could then be due to the smaller 
surface area, 72 m2. g-1 compared to 660 m2. g-'. This could suggest a transition capture 
mechanism for arsenic, with predominant physical adsorption at 200°C and enhanced 
chemical adsorption as the temperature was increased. 
This hypothesis was further emphasized when considering the capture efficiency of the 
activated scrap tyre. It is important to remember that the pyrolysed and activated scrap tyre 
were produced from the same material, with the activation step improving the BET surface 
area from 72 m2. g-1 to 220 m2. g-1 (Table 3-3). Figure 6-3 appears to indicate that the increased 
surface area increases the capture efficiency at 200°C, from 51 % for the pyrolysed scrap tyre 
up to 78% for the activated scrap tyre. Furthermore, since the residence time at 200°C for both 
Norit Darco "Hg" and the activated scrap tyre is similar, Figure 6-4 also suggests that 
efficiencies higher than 72-78% at 200°C are unlikely to be reached due to mass transfer 
constraints. 
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The idea of a transition in the dominant mechanism from physical to chemical adsorption, as 
the temperature was increased from 200°C to 400°C, was also confirmed while comparing the 
capture efficiencies obtained for the activated scrap tyre at 200 and 400°C. Indeed, as the 
temperature was increased, despite of its better surface area, this sorbent became less efficient 
than the pyrolysed scrap tyre. These observations again suggested that a chemical adsorption 
process was involved in arsenic capture and that some element, or elements, important for 
chemical adsorption could have vaporised during the activation stage of the pyrolysis char, 
which was conducted at 900°C (cf § 3.1.2). 
Two different arsenic capture scenarios were therefore possible from these experimental 
results, depending on the sorbents tested: 
In the case of Norit Darco "Hg", the pyrolysed and activated scrap tyre, a transition 
mechanism between physical adsorption, dominant at 200°C, and then replaced by chemical 
adsorption at the higher temperature is likely to take place. The physical properties of the 
sorbents (surface areas) would thus dictate their performance at 200°C, whilst the chemical 
composition would then play a major role at the higher temperature. Here the arsenic species 
tend to be more volatile and the contact time between arsenic vapour species and the sorbent 
is less favourable, due to shorter residence times. 
In the case of the meta-kaolinite and the fly ashes, a dominant chemical adsorption 
mechanism is likely, which is dependant on the contact time between the arsenic vapours and 
the sorbents. This is suggested because of their good performances in capturing arsenic 
vapour, despite having very poor surface areas, and the observed correlation between their 
capture efficiency and residence time. 
In the next section, further experiments were conducted with the aim of understanding these 
capture mechanisms in more detail and exploring how arsenic species were retained by the 
various sorbents. 
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Figure 6-4 Variation of residence time in the sorbent bed as a function of temperature 
6.3.2 Investigation of the arsenic capture mechanism 
6.3.2.1 SEM-EDX and XRD analyses of the sorbents exposed to arsenic vapour 
In order to gain further information on how the arsenic vapour (As4) was captured by the 
sorbents, SEM-EDX and XRD analyses have been conducted on some exposed sorbents. The 
objective was to analyse the surface of the sample to see if the captured arsenic species were 
present on particular particles of the sorbent. Also, it would be interesting to distinguish 
whether the tetra-arsenic (As4) vapour reacted to form particular species on the sorbent 
surface. Such information would be beneficial for the understanding of the arsenic capture 
mechanism. In particular, it could help discern whether arsenic vapour is physically adsorbed 
on the surface or chemically interacting with some of the elements of the sorbents. 
It is important to stress that EDX and XRD are both surface analysis techniques with a 
penetration depth of 1 µm and 1 to 10 µm respectively. Therefore, only the arsenic species 
adsorbed onto the surface or onto pores close to the surface would be detected during the 
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analysis. However since the micropores and mesopores are three orders of magnitude smaller, 
we might expect that some of them would be analysed also. 
For the experiments presented above, the maximum concentration of arsenic captured in the 
various sorbents was 0.2% (cf. Appendix C). This value was far below the limit of detection 
of the machines available at Imperial College. Ideally, a concentration of at least 2% is 
recommended in order to be detected. It was therefore necessary to increase the amount of 
arsenic vapour captured by the sorbents. The generation temperature was increased up to 
200°C, the mass of sorbent was reduced from 500 mg down to around 300 mg and the time of 
experiment was increased up to two hours. Table 6-6, shows the estimated arsenic 
concentration from the amount of arsenic vapour generated and the capture efficiencies 
obtained in the previous results for four of the sorbents: Norit Darco "Hg", the combustion fly 
ash B, the pyrolysed scrap tyre and the meta-kaolinite. SEM-EDX analyses were first 
conducted on the exposed sorbents; if sufficient amounts of arsenic could be detected, then 
they were analysed subsequently with XRD. 
Table 6-6 arsenic concentration in the sorbents analysed by SEM-EDX and XRD. 
Sample Temperature Sorbent 
Amount Capture Amount Arsenic conc. 
mass (mg) vaporised (mg) efficiency' captured (mg) in the sorbent 
Norit Darco "Hg" 200°C 318.3 9.21 72% 6.63 2.1% 
Combustion fly ash B 200°C 332.8 
Pyrolysed scrap tyre NOT 
Meta-kaolinite NOT 
1: values obtained from the results in section 6.3.1 
325.0 
330.7 
11.61 
8.52 
15.14 
56% 
51% 
78% 
6.50 
4.34 
11.81 
1.9% 
1.3% 
3.6% 
The SEM and EDX results conducted on the four sorbents are presented from Figure 6-5 to 
Figure 6-8. All the samples were gold coated in order to improve their electrical conductivity 
(cf. § 2.4); and a gold peak (Au) is thus apparent in all the spectra. Apart from Norit Darco 
"Hg", the arsenic signals in the SEM-EDX images are very low. Figure 6-7 shows that arsenic 
could not be detected at all by the technique in the pyrolysed scrap tyre which had, according 
to Table 6-6, the lowest concentration of arsenic (1.3%). In the case of the combustion fly ash 
B and the meta-kaolinite results (Figure 6-6 and Figure 6-8, respectively), the amount of 
arsenic detected was very small, making it hard to distinguish if the arsenic was adsorbed on 
some particular regions of the sorbent particles. 
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However, in the EDX spectra shown in Figure 6-5, arsenic was measured in relatively high 
concentration in some of the particles of the Norit Darco "Hg". It is apparent that spectra 
showing a high arsenic peak also have a high oxygen peak (spectra S3, S4, S5, S6). On the 
contrary, little arsenic is present in areas where the oxygen content was low, e. g. no arsenic is 
seen in the areas corresponding to spectra S1 and S2 which show high content of calcium and 
carbon, but only very little oxygen. 
Further investigations were carried by SEM mapping of the surface of the sorbent. Figure 6-9- 
a, 6-10-b, 6-10-c and 6-10-d show, respectively, the distribution of arsenic, oxygen, carbon 
and calcium on the surface of the sorbent. As shown on the figure, carbon and oxygen maps 
are overlaid, in the sense that regions labelled 1,2 and 3 remain blank on the figures. 
At this stage of the work, the results have suggested that arsenic was found mainly in the 
particles of the Norit Darco "Hg" having both carbon and oxygen. This could correspond to 
the carbon-oxygen surface functional groups present in the structure of activated carbons. 
Indeed the adsorption capacity of activated carbons is strongly influenced by their chemical 
structure. Activated carbons are invariably associated with appreciable amounts of oxygen 
atoms which are bonded to the edges and corners of the aromatic sheets, giving rise to carbon- 
oxygen surface groups [75]. The carbon-oxygen surface functional groups have often been 
found to be the source of the adsorption capacity of activated carbons, e. g. for water 
purification and for adsorption of polar gases and vapours. 
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Figure 6-9 SEM mapping of the surface of Norit Darco "Hg" exposed to arsenic 
6.3.2.2 XRD analysis of the Norit Darco "Hg" exposed to arsenic vapour 
Following the SEM-EDX analyses of the sorbents, XRD was only conducted on the Norit 
Darco "Hg" since it was the only sorbent having significant arsenic concentration in the 
spectra. The idea was to see if any particular phase was formed between the captured arsenic 
and any elements present in the sorbent. If nothing could be detected, this could suggest either 
that the arsenic concentration was too small or that the arsenic was bounded onto the main 
carbon matrix by reacting with its surface, for example the oxygen surface functional groups. 
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In order to improve the sensitivity of the machine, the scanning time per step angle was 
increased from two to six seconds. 
Figure 6-10 shows the XRD analysis of Norit Darco "Hg" exposed to arsenic vapour. 
Surprisingly, we can observe that arsenolite (As203) was clearly identified as a crystalline 
phase. The fact that As203 was found in the sorbent clearly explains why oxygen and arsenic 
concentrations were correlated on the EDX spectra. Two different scenarios could explain this 
observation: 
The arsenolite As203<s> could have been formed from the oxidation of the tetra-arsenic 
vapour (As4<g>) with the oxygen present in the Norit Darco "Hg". However, this involves 
some of the oxygen being desorbed from the carbon-oxygen surface groups. Thermal 
desorption studies have shown that apart from the desorption of some physi-sorbed or 
chemisorbed water, the surface groups of active carbons are thermally stable below 200°C 
[75]. 
The more likely scenario is that arsenic oxide species could have formed by reaction in the 
vapour phase between tetra-arsenic Aso<g> and traces of oxygen present in the nitrogen in the 
reactor. It is known that vapour arsenic oxide As406<g> can be produced by heating 
arsenolite As203<s> [55], suggesting that As203<s> could also form from As406<g>. The 
source of the possible oxidation of the arsenic was therefore investigated further. 
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Figure 6-10 XRD analysis of Norit Darco "Hg" exposed to arsenic 
6.3.2.3 Investigation of the possible cause of oxidation of the arsenic vapours. 
°2Theta 
Two possibilities have been investigated to understand the presence of oxygen in the reactor. 
The first cause could be the introduction of oxygen in the system from the nitrogen cylinder 
used as a carrier gas. The second cause could be the presence of dead volumes inside the 
reactor which could still contain residual air, even after the purging procedure always 
conducted before the generation of vapour was initiated. 
In the case of Norit Darco "Hg", 9.21 mg of arsenic were vaporised over the 2 hours of 
experiment (cf. Table 6-6). Taking a molar weight for arsenic of 74.92 g. mol-1, this mass 
equates to 1.23x 104 moles. 
When solid arsenic is heated in a pure nitrogen atmosphere, tetra-arsenic Aso<g> is generated 
in the gas phase according to the proposed Equation 6-1. However, if oxygen is present, 
As406<g> species could then be formed from the oxidation of the tetra-arsenic vapour 
(Equation 6-2) or directly from the oxidation of the solid arsenic (Equation 6-3). Arsenolite 
As203 <s> could then be produced from As406<g> according to Equation 6-4. 
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4 As <s> ---> Aso <g> Eq. 6-1 
Aso <g> +3 02 <g> --* As406 <g> Eq. 6-2 
4 As <s> + 302<g> -> As406 <g> Eq. 6-3 
As406 <9>-> 2 As203 <s> Eq. 6-4 
The nitrogen used as carrier gas was CP grade N52 with 2 ppm' of oxygen. During a2 hr 
experiment, a constant nitrogen flow rate of 40 ml. min-1 NTP was maintained through the 
reactor, i. e. 4.8 litres in two hours, containing 9.6x10-6 litres of 02. This equates to 4.3x10-7 
mole of oxygen, given a molar volume of 22.4 L. mole-1. According to equations 6-3 and 6-4, 
this amount of oxygen could oxidise 5.73x107 moles of arsenic thus forming 2.87x 10-7 moles, 
or 57 tg, of As203. This amount of As203 would lead to an arsenic concentration of 0.02% in 
the Norit Darco "Hg", which is far below the detection limit of the XRD machine. Clearly, in 
conclusion, the amount of oxygen introduced into the system from the nitrogen cylinder is not 
enough to produce all of the arsenolite As203 that was detected by XRD. 
Although, the reactor was purged with nitrogen gas for a period of 30 minutes while the 
sorbent bed was heated and stabilised to the desired temperature, it is still possible that some 
dead space in the reactor would contain residual air. Two dead volume locations could be 
identified in the reactor design: the volume above the gas inlet which could be estimated as 17 
ml (Figure 4-1), and the annular volume located around the tube of the generation section (15 
mm OD) which could be estimated as 11 ml. 11 ml of air would contain 2.31 ml of oxygen 
which represents 1.03x10-4 moles. Similar calculations could be done with the dead volume of 
17 ml which will give 1.6x104 moles. These two dead volumes could thus provide 2.6x104 
moles of oxygen in the very worst case, i. e. failure to remove any of the air initially present; 
clearly a most unlikely scenario. 
The detection of As203 in the Norit Darco "Hg" by XRD infers a minimum of 2 wt% (the 
limit of detection for the technique), this equates to 6.4 mg of As203 (197.84 g. mol-1), hence 
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3.21x10-5 moles, being present in the 318.3 mg of sample of the sorbent. This amount of 
As203 is derived [according to Equations 6-3 and 6-4] from the oxidation of 6.42x105 moles 
of solid arsenic by 4.82x10-5 moles of oxygen; this being 18.5% of the theoretical maximum 
oxygen availability in the dead volumes calculated above. This amount of residual oxygen is 
surprisingly high, however these calculations do indicate that, in principle, there could 
possibly be sufficient residual oxygen in the reactor to form enough arsenolite to be just 
detectable by XRD. The above logic is well supported by the measurement of 6.63 mg, or 
8.84x 10-5 moles, of arsenic captured by the Norit Darco "Hg" sample, Table 6-6. This equates 
to 4.42x10-5 moles, 8.75 mg, of As203 [according to Equations 6.3 and 6.4] and therefore a 
concentration of 2.7 wt% in the sample [2.1 % was stated in Table 6-6 as an estimated content 
from the capture efficiency 72%). 
However, even in the unlikely event that an amount of residual oxygen, sufficient to react 
with all the arsenic vapour generated, had remained in the dead volumes, it is doubtful 
whether more than a modest fraction of this would have been able to diffuse from the dead 
volumes to react with the arsenic vapour. Thus the most likely scenario is that whilst some of 
the arsenolite found on the exposed sorbent is derived from the oxidation of As to As406 <g> 
above the sorbent bed, there could also be a contribution from direct contact of Aso<g>with 
the sorbent. 
In the case of Norit Darco "Hg", the fact that XRD analyses have shown the presence of 
As203 suggests that physical adsorption of As406<g> at 200°C has taken place in order to 
form As203. This thus confirms the hypothesis, proposed in Section 6.3.1, of a physical 
adsorption mechanism being dominant at 200°C for Norit Darco "Hg". However, it may be 
that As406<g>, rather than Aso<g>, is the predominant species adsorbed. Past studies [39,83] 
have shown that activated carbon is effective in trapping arsenic oxide vapour at temperatures 
below 200°C, in an adsorption bed, where the interaction is of a physical nature. The 
adsorption was found to increase with increasing surface area, but not proportionally. In 
addition, the results of the current study similarly suggest a physical adsorption mechanism 
for the arsenic vapour species for the pyrolysed scrap tyre and the activated scrap tyre at 
200°C. As mentioned in Section 6.3.1, the amounts of arsenic captured by these sorbents 
correlates with their surface area. 
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The results here also suggest a transition from physical adsorption to an arsenic capture 
mechanism dominated by chemical adsorption as the temperature is increased to 400°C, in the 
case of Norit Darco "Hg", the pyrolysed and activated scrap tyre. Some particular elements 
must be present in these sorbent which are capable of reacting with arsenic species, enabling 
arsenic capture to continue despite physical adsorption declining in the face of increasing 
temperature and reducing contact time between the two phases. 
The analyses of the sorbent presented in Chapter 3, have revealed the presence of large 
amount of calcium and iron in the Norit Darco "Hg" (Table 3-5), with calcite (CaCO3) also 
identified by XRD. Iron sulfide (FeS) was also identified by XRD in the pyrolysed and 
activated scrap tyre. Previous authors have studied the removal of arsenic species from 
simulated combustion and gasification flue gas with activated carbons [40]. Although no 
particular complexes formed between the sorbents and the captured arsenic could be detected 
from their analyses, their results suggested that the mineral components present in the active 
carbons, calcium and iron in particular, were responsible for the capture of arsenic. Also 
thermodynamic equilibrium calculations, using the HSC-chemistry 5.1 software, predict 
possible interactions between the arsenic vapours (As4010<g> or Aso<g>) and elements in the 
sorbents, such as calcium oxide (CaO), calcite (CaCO3) or iron sulphide (FeS), resulting in 
the formation of calcium and iron arsenate complexes. 
As mention in Section 6.3.1, something interesting happens during the activation process for 
the pyrolysed scrap tyre. The pyrolysed and activated scrap tyre are produced from the same 
tyre rubber, of course, and their SEM-EDX and XRD analyses predictably show that they 
have basically the same composition, with high concentrations of zinc and sulphur. However, 
despite having a much larger surface area, the activated scrap tyre was less efficient for 
arsenic capture than the pyrolysed product at 400°C. This also suggests the dominance of a 
chemical adsorption mechanism and, furthermore, that some important element, or elements, 
are lost during the activation process. According to XRF analyses (Table 3-5), the 
concentration of sulphur and chlorine, in particular, decrease during activation process. 
However, the XRF technique provides only semi-quantitative analysis and the concentrations 
measured are not representative of the whole sample. Further analysis of Norit Darco "Hg", 
the pyrolysed and activated scrap tyre sorbents was thus commissioned at TES Bretby 
(Staffordshire, UK). Elemental analysis data from TES Bretby (Table 6-7) show the variation 
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of concentration of sulphur and chlorine in the sorbents. It is apparent that the concentration 
of sulphur has not varied much during the activation process; however the concentration of 
chlorine has been reduced to one third of its initial value. The observed decline in 
performance of the scrap tyre carbon after activation, despite the unchanged sulphur content, 
concurs with a past study that showed that arsenic removal was not influenced by the sulphur 
present in the activated carbons tested [40]. The current data may suggest that the capture of 
arsenic species through chemical adsorption may depend on calcium and iron in the mineral 
matter in the sorbent and also on the chlorine present in the amorphous phase. Unfortunately, 
no work on the effect of chloride on the removal of arsenic could be found in literature. 
Neither has it been possible to identify any complexes formed between the sorbent and 
arsenic species in the current study. 
Table 6-7 Elemental analysis of the pyrolysed and activated scrap tyre sorbents 
Sample 
Reference 
Norit Darco 
"Hg" 
Pyrolysed 
scrap tyre 
Activated 
scrap tyre 
Moisture % 7.8 1.1 2.6 
Ash % 10.6 13.1 12.7 
Sulphur % 0.38 2.91 2.95 
Chlorine % 0.03 0.03 0.01 
Carbon % 77.29 83.16 82.69 
Hydrogen %* 0.33 0.29 0.1 
Nitrogen % 0.67 0.27 0.37 
Oxygen %** 2.9 <0.1 <0.1 
* Corrected for moisture content. 
** Calculated using determined values (by difference) 
In Section 6.3.1, it is suggested that the capture mechanism for arsenic on meta-kaolinite and 
coal fly ashes is likely to be dominated by chemical adsorption. Indeed, despite very poor 
surface area, these sorbents show good capture efficiencies which are not much lower (20% 
less) than those of the carbon sorbents at 200°C. It has been suggested that CaO and Fe203 
embedded in fly ash could be totally, or partially, responsible, for the retention of arsenic 
species in the gas phase [45,46]. Past studies have also been carried out to determine the 
effectiveness of lime and hydrated lime for the removal of arsenic oxide As406<g> from 
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simulated flue gas streams at high temperature. Hydrated lime was found to be very effective 
for capturing arsenic oxide [54]. It captured arsenic oxide by forming an irreversible calcium 
arsenate product [Ca3(As04)2] at 600 and 1000°C. Lime also captured arsenic oxide vapour 
effectively over a wider temperature range, 300-1000°C [55]. It is also possible that the 
aluminium oxide component of the meta-kaolinite may enhance arsenic capture, in a similar 
manner to calcium oxide. No reference could be found to the study of possible interactions 
between kaolin and arsenic species. Furthermore, as shown in Section 6.3.2, the amount of 
arsenic captured in the current study is far too small to be analysed with XRD. 
6.4 Conclusions 
The results show that the capture mechanism of arsenic may be specific to the physical and 
chemical properties of the different sorbents. Extensive analyses have been conducted on the 
various sorbents after arsenic capture experiments in order to gain an understanding of the 
fundamental capture mechanism. These studies have been partially hampered by the 
discovery that arsenic oxide (As406<g>) was always present in the gas reaching the sorbent 
bed, in addition to the expected tetra-arsenic (As4<g>). The formation of As406<g> is due the 
partial oxidation of the tetra-arsenic species by residual air surviving in some dead volume 
within the reactor. 
In the case of the carbon sorbents (Norit Darco "Hg", the pyrolysed scrap tyre and the 
activated scrap tyre) the results suggest a combination of physical and chemical adsorption 
mechanisms. The arsenic species are captured predominantly by physical adsorption at 200°C, 
with surface area playing a major role and most of the arsenic oxide As406<g> being captured 
physically as As203. However, as the temperature is increased, a transition to chemical 
adsorption is then likely to occur. The increasing volatility of the arsenic species, and the 
reducing contact time between the arsenic vapour and the sorbent, become counter-balanced 
by increasing chemical interaction with the sorbent. Calcium salts and iron sulphide present in 
the sorbents could lead to chemical adsorption of the arsenic vapour via the formation of solid 
arsenates. The sulphur content of these carbon sorbents did not appear to impact on the 
capture process however the chlorine content, although lower than the sulphur content, may 
have some influence. Certainly, the chlorine concentration of the pyrolysed scrap tyre rubber 
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was significantly reduced by subsequent activation, and the activated form was noticeably less 
effective in capturing arsenic at 400 °C than the pyrolysis char. 
In the case of the meta-kaolinite and the coal fly ashes, the experimental results suggest that 
chemical adsorption is the predominant mechanism. Despite having very low surface areas 
and unfavourable mass transfer conditions during experiments, these sorbent showed 
appreciable arsenic capture ability, being only 20% less effective than the carbon sorbents at 
200 T. It has not been possible to identify any particular arsenic complexes on the surfaces of 
the sorbents after exposure to arsenic vapour, because the resultant concentrations of arsenic 
on the sorbents were far below the detection limit of the equipment available. However, in the 
light of past studies, the current results suggest that calcium and iron present in the mineral 
matter of the fly ash, and the aluminium oxide present in the meta-kaolinite, may be 
responsible for the chemical adsorption of arsenic. 
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The Study of Mercury Removal 
7.1 Introduction 
The objective of this chapter is to present the study of the influence of temperature on the 
mercury capture efficiency of selected sorbents. Through the analysis of the adsorption results 
and mass transfer considerations for all the experiments, an attempt has been made to 
understand the capture mechanism. 
A more detailed study has been carried out on pyrolysed sewage sludge since the results 
suggested that chemical interaction is taking place between the mercury vapour Hg<g> and 
the sorbent. Influence on the mercury capture efficiency of the interstitial velocity within the 
sorbent bed, as well as the mercury concentration in the gas stream were investigated. An 
attempt to understand the dominant process controlling the adsorption was also made by 
calculating the reaction rate and mass transfer coefficients. Finally, the theory of catalytic gas 
phase reaction has been extrapolated to study the reaction and diffusion of mercury vapour 
within sorbent particles. 
7.2 Experimental 
The testing of the sorbents for their mercury capture efficiency was conducted according to 
the experimental scheme presented in section 4.4, which also gives information on the 
equipment used within the mercury source and reactor arrangement. 
7.2.1 Generation of the mercury vapour 
Many studies have concluded that in gasification processes mercury remains in the gas phase 
under most conditions as elemental mercury Hg° (Cf. § 1.3). In our work, thermodynamic 
equilibrium calculations have also confirmed the high volatility of mercury under reducing 
141 
Chapter 7 The Study of Mercury Removal 
atmosphere over the range of temperatures modelled (Cf. § 5.3.1). The mercury vapour (Hg°) 
was produced using the PSA Cavkit 10.534 mercury generator presented in section 4.3. As 
already mentioned this device allows us to produce a nitrogen gas stream doped with mercury 
with concentration ranging from 0 to 1300 ng. l-l. 
The mercury concentration in the gas stream of an actual IGCC power plant stream has been 
estimated to be around 120 ng. 1-1 (cf. § 4.5). In this study, a nitrogen gas stream with a 
mercury concentration of 100 ng. 1-1 was produced using the PSA Cavkit. Saturated mercury 
vapour was first generated in the apparatus at 40°C by passing nitrogen at the rate of 2.35 
ml. min 1. This saturated flow was then diluted to the required concentration using a second 
nitrogen flow of 1.58 l. min '. 
7.2.2 Mercury retention on the sorbent bed 
The sorbents tested for their mercury capture efficiency have been exposed to three different 
temperatures: 100,150 and 200°C. The selected sorbents studied were: 
- Norit Darco "Hg" 
- Combustion fly ash B 
- Carbon black produced by pyrolysis of scrap tyre 
- Activated carbon produced by pyrolysed and activation of scrap tyre 
- Carbon black produced by pyrolisis of sewage sludge 
The initial concentrations of mercury present in each sorbent are listed in Table 7-1; they have 
been determined using the LECO analyser (cf § 2.3). It is apparent that the initial amount of 
mercury in the combustion fly ash B was much higher than in the other sorbents. This fly ash, 
collected at the air pre-heater outlet, had been exposed to power station flue gas and therefore 
captured some of the mercury vapour. As the mass of sorbent used in each experiment was 
around 500 mg, the initial amount of mercury present in the combustion fly ash B was 190 ng. 
Whereas during a one hour experiment a gas stream containing 100 ng. 1-1 of mercury at a flow 
rate of 40 ml. min-1 NTP would deliver a total of 240 ng of mercury to the sorbent bed. 
However, although the initial amount of mercury in the fly ash is thus comparable to that 
delivered, the very good accuracy of the LECO Analyser (± 5 ng) enabled the amount of 
mercury captured to be determined very accurately. Clearly, for every experiment, the initial 
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amount of mercury present in the sorbent had to be subtracted from the total amount of 
mercury measured after exposure to the mercury vapour. 
Table 7-1 Initial concentration of mercury in the sorbents. 
Initial Hg Cone. 
(µg"kg' or ppb) 
Norit Darco Hg nd' 
Combustion Fly ash B 380 ±1 
Pyrolysed scrap tyre 88 ±3 
Activated scrap tyre 11 ±1 
Pyrolysed sewage sludge 12 ±1 
1: below the detection l imit of the LECO 
7.2.3 Operation 
Every mercury adsorption experiment was conducted according to the operating procedure 
presented in section 4.7. A 500 mg sample of the sorbent to be tested was introduced into the 
second stage of the reactor which was then assembled, with the first stage, into the furnaces. 
The gold amalgamator, which had been previously purged of any residual mercury in the 
LECO AMA 254, was then connected to the gas outlet of the reactor. Both stages of the 
reactor were heated to the desired test temperature and, once the temperature of the sorbent 
bed was stable for at least 10 min, the pump and the mercury generator were switched on and 
the gas flow rate was set to 40 ml. min-1 NTP. After one hour of experimentation, the pump, 
the mercury generator and the heaters were turned off and the reactor allowed to cool down. 
The sorbent bed was collected and analysed, as well as the gold amalgamator, using the 
LECO AMA 254 to determine their mercury content. 
7.3 Results and Discussion 
7.3.1 Mercury blank tests 
Whilst investigating arsenic capture, it was discovered that some of the arsenic vapour 
generated in the upper section had become oxidised before it had reached the sorbent bed. 
Residual air trapped in two dead volumes of the reactor system was identified as the cause. A 
series of blank runs were thus conducted, prior to mercury sorbent testing experiments, to 
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determine if oxidation of the mercury vapour was occurring in the same way. The 
experimental scheme presented in section 4.4 permits a full mercury mass balance on the 
overall system. First, the mercury generator is capable of producing a gas stream with a 
constant mercury concentration, so for a constant inlet gas flow rate, it is possible to 
determine very precisely the amount of mercury entering the reactor during the course of an 
experiment. Second, the LECO mercury analyser permits very accurate measurement (± 5 ng) 
of the amount of mercury captured by the sorbent bed and also by the gold amalgamator (at 
the reactor outlet at room temperature) which traps any residual mercury very effectively. 
The blank runs were conducted without sorbent at four different temperatures: ambient 
temperature (20°C) and with the reactor stages heated at the future test temperatures: 100,150 
and 200°C. The standard nitrogen gas stream with a flow rate of 40 ml. min 1 NTP and a 
mercury concentration of 100 ng. 1-1 was sent in the reactor for a period of 30 min. The gold 
amalgamator placed at the reactor outlet was analysed for its mercury content after each 
experiment to verify that all the mercury sent in the reactor was recovered. 
If the mercury vapour reacts with oxygen it could form either mercuric oxide vapour HgO<g> 
or a solid red mercuric oxide HgO<s> deposit on the glass reactor wall. Thermodynamic 
equilibrium calculations, using MTDATA, were first conducted to determine which state the 
oxide might be expected to be in, at the selected test temperatures. The base input data were: 
  0.05 moles of nitrogen which corresponded to a flow rate of 40 ml. min ' NTP sent to 
the reactor for a period of 30 min (molar volume: 241. mo1-I NTP). 
  5.98x10-1® moles of mercury which corresponded to the amount of mercury sent in the 
reactor for a period of 30 min with a flow rate of 40 ml. min"1 NTP of a gas stream 
having a mercury concentration of 100 ng. 1-I 
  2.6x 10-4 which corresponded to the total amount of oxygen available within the dead 
volumes of the reactor [representing the worst case scenario](cf § 6.3.2.3) 
All of these values were then increased by a factor of 1x 104 to enable MTDATA to perform 
the calculation [the base concentrations being too small]. 
Figure 7-1 shows the speciation of mercury at equilibrium as a function of temperature. At 
thermodynamic equilibrium, for temperatures above 100°C, some of the mercury vapour 
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(Hg<g>) is predicted to react with the oxygen present in the atmosphere to form mercuric 
oxide vapour (HgO<g>). However as the temperature falls below 100°C, only solid mercuric 
oxide HgO<s> is expected to be present. Therefore, if the mercury vapour Hg<g> sent to the 
reactor reacts with any residual oxygen present, a red deposit of HgO<s> should be observed 
on the cold surface of the reactor and only the un-reacted mercury vapour would reach the 
gold amalgamator, held at ambient temperature. In reality, the data presented in Table 7-2 
show that, whatever the temperature tested, nearly all the mercury sent to the reactor was 
recovered by the gold amalgamator. In addition, any deviations observed in the mass balance 
could be explained by the error caused by the inlet flow meter, which was sometimes not 
stable at the required flow rate 40 ml. min 1. The maximum fluctuation of + 1.5 ml. min ' 
would introduce an uncertainty of + 4.5 ng in the total amount of mercury delivered in 30 min 
(120 ng), thereby introducing a maximum error of nearly 4% into the mass balance. These 
results confirm that, in contrast to the case of arsenic, the mercury vapour does not react with 
any residual oxygen thus ensuring that only gas phase Hg<g> mercury is present. 
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Figure 7-1 thermodynamic equilibrium modelling of the mercury speciation in presence of oxygen as 
a function of temperature. 
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Table 7-2 mercury blank runs 
Flow meter 
Flow 
Temp. (T) Scale reading (ml. min-') 
20 59 44 
20 60 45 
100 56 40 
100 56 40 
150 56 40 
150 59 44 
200 58 42.5 
200 57 41 
Mercury 
generated (ng) captured (ng) balance 
132 143 8% 
135 146 8% 
120 117 -3% 
120 124 3% 
120 114 -5% 
132 125 -5% 
127.5 133 4% 
123 120 -2% 
7.3.2 Mercury capture efficiencies of the sorbents 
The capture efficiency for each sorbent tested at 100,150 and 200°C are illustrated in Figure 
7-2. Details on each experiment, including mass balances calculations, can be found in 
Appendix D. 
100°, 
901-1 
801, 
70% 
U 
60° 
U 
-H 
5 0° 
a) 
40° 
ro 
0 30( 
20° 
10% 
0% 
98% 100% 96% 0 100% 
46° 
2 
Norit Darco 
Hg 
0 100oC Q 150oC Q 200oC 
Figure 7-2 Mercury capture efficiency of the different sorbents tested 
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As in the study of arsenic, in all the mercury experiments the influence of the residence time 
was considered while comparing and interpreting data on the variation of capture efficiency 
with temperature. The method of calculation of the interstitial velocity and residence time, as 
a function of test temperature and sorbents properties, is given in Appendix D (Table D. 1.6). 
Figure 7-3, shows the residence time in the bed for each experimental configuration, 
according to the particular sorbent properties and test temperature. 
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Figure 7-3 variation of the residence time in the sorbent bed as a function of temperature 
As shown on Figure 7-2, all the sorbents with the exception of the activated scrap tyre (84%) 
retained more than 90% of the mercury when operated at 100°C, but their capture efficiency 
was seen to decrease as the test temperature was increased. At first sight, this loss of 
efficiency might be explained by the diminution of the contact time between the mercury 
vapour and the sorbent as the temperature was increased. However when comparing Figure 
7-2 with Figure 7-3, it is apparent that in the cases of Norit Darco "Hg", pyrolysed and 
activated scrap tyre, the decline in capture efficiency is disproportionately greater than the 
corresponding decline in residence time. In the most marked case of Norit Darco "Hg" the 
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residence time is reduced only slightly (from 1.15s down to 0.91s) as the temperature is 
increased from 100 to 200°C, whereas the capture efficiency is reduced dramatically from 
nearly 98% down to just 2%. Figure 7-3 also shows that the combustion fly ash B and the 
pyrolysed sewage sludge exhibit the best capture efficiencies over the full temperature range, 
despite having the least favourable residence time conditions. Whereas the Norit and scrap 
tyre-based sorbents had very poor performances at 200°C, the combustion fly ash B still 
captured 79% of the mercury vapour. It is also relevant to note that combustion fly ash B and 
the pyrolysed sewage sludge have the smallest BET surface areas amongst the sorbents tested 
(cf Table 3-3). Taken together, these observations suggest that chemical adsorption is likely to 
be a major contributor to the capture of mercury by and sewage sludge carbon. 
In summary, and perhaps unexpectedly, the mercury capture mechanism appears to be sorbent 
specific to some extent. Thus the detailed capture mechanism is discussed below on a sorbent 
by sorbent basis. 
7.3.2.1 The combustion fly ash B 
The observation that the coal fly ash was the most efficient sorbent across the whole 
temperature range may be explained by its prior exposure to acid gases (NO2, HC1, SO2 etc. ) 
in the power plant from which it derived. As mentioned earlier, in section 1.7 (chapter 1), 
previous workers have suggested that acid gases such as NO2 are adsorbed onto carbon 
particles and then act as an oxidising agent (electron sink) for mercury, which is then captured 
as the non-volatile nitrate Hg(N03)2(s) [5]. It has also been mentioned that chlorine species and 
the unburned carbon in the fly ash both catalyze Hg° oxidation and retain Hg' [84]. The 
mercury capture taking place within the organic matter of the fly ash is dependent on the 
amount of unburned carbon [41,42]. The current results also confirm that mercury is 
chemically adsorbed onto the combustion ash. The adsorbed chlorine, sulphur and NO2 on the 
organic matter component of the ash will have provided active sites for mercury capture, 
thereby compensating for its small surface area and microporosity. 
7.3.2.2 The pyrolysed and activated scrap tyre 
XRF and EDX analyses have shown that the pyrolysed and activated scrap tyre have a similar 
composition and are very rich in sulphur, which should theoretically improve mercury capture 
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(cf. chapter 1) [33,36,85,86]. However, as shown on Figure 7-2, although these sorbents 
appear to have good capture efficiency at 100°C they do not perform well as the temperature 
is increased. The residence times, shown in Figure 7-3, for the pyrolysed and activated scrap 
tyre are very similar, at each of the temperatures tested. Despite this similarity, the activated 
scrap tyre was expected to be superior in mercury capture because of its higher surface area; 
however the capture data show the opposite. These results suggest that, in addition to pure 
physical adsorption, some other process is involved in the mercury capture. Otherwise, if 
physical adsorption was the only mechanism, the activated scrap tyre should have had better 
performance for each temperature, due to its higher surface area. It is thus suggested that the 
activation stage of the pyrolysis char, which was conducted at 900°C, may have led to the loss 
from the sorbent of some element, or elements, capable of promoting mercury adsorption. 
Certainly, studies have shown that during the process for producing activated carbon from 
scrap tyre, 83% of sulphur is lost from the char between the pyrolysis and the activation 
stages [66]. Since the sulphur and chlorine concentrations obtained from XRF analyses were 
not necessarily representative of the whole sample, the sorbents were subjected to elemental 
analyses (TES Bretby). According to Table 7-3, the sulphur concentrations of the pyrolysed 
and activated scrap tyre were the same; however, the chlorine concentration was reduced to 
one third of the pyrolysis value during activation. Table 7-4 shows the amount of chlorine that 
was lost at each stage of the activated scrap tyre preparation, calculated from the values 
obtained from the elemental analysis and also the yields of each stage. During the activation 
of the pyrolysed scrap tyre, 90% of the chlorine was lost. This could explain the poorer 
performance for mercury capture of the activated scrap tyre. 
Furthermore, if the XRD analyses are considered, it is apparent that much wurtzite (ZnS) and 
iron sulphide (FeS) is present in both sorbents. This suggests that the majority of the sulphur 
is not freely available to react with mercury. In addition, activation at the higher temperature, 
900°C, would be expected to bind more of the free sulphur to Zn, with the formation of more 
wurtzite, thereby depressing the mercury capture potential. 
In summary, it is suggested that at 100°C physical adsorption of mercury is the predominant 
process taking place with the scrap tyre carbons. However, as the temperature is increased 
some chemical interaction between the mercury vapour and the chlorine or sulphur present in 
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the amorphous phase of the sorbents begins to occur. As a result, the activated version of the 
carbon was seen to perform less well than the simply pyrolysed samples, despite the former 
having superior physical properties. The poorer capture efficiency of the activated carbon was 
attributed to the fact that during activation much chlorine was lost and, in addition, the 
amount of free sulphur was reduced due to reaction with zinc to form wurtzite. 
Other authors have indicated that the adsorption of elemental mercury onto chloride- 
impregnated carbon is unstable relative to sulphur-impregnated carbons. Not all of the 
mercury captured at 140°C by chlorine-impregnated carbon was retained. These authors 
suggested that this could be the result of weak carbon-chloride bonds, or weak chloride- 
mercury bonds, or both [36]. This hypothesis could further explain the lower efficiency 
observed between 150°C and 200°C in the current study. A major part of the mercury 
captured at 200°C by the pyrolysed (17%) and activated carbon (5%) could be as Hg-S 
complexes. This would corroborate the idea that during the activation stage more sulphur 
reacts to form wurtzite. 
Table 7-3 Elemental analysis of the different sorbents 
Sample 
Reference 
Scrap tyre 
rubber 
Pyrolysed 
scrap tyre 
Activated 
scrap tyre 
Norit Darco 
Hg 
Combustion 
fly ash B 
Pyrolysed 
sewage sludge 
Moisture % 1.1 1.1 2.6 7.8 0.5 1.8 
Ash % 5.9 13.1 12.7 10.6 92.3 71.2 
Sulphur % 1.88 2.91 2.95 0.38 0.29 1.04 
Chlorine % 0.04 0.03 0.01 0.03 0.02 0.06 
Carbon % 79.07 83.16 82.69 77.29 6.90 23.01 
Hydrogen %* 6.97 0.29 0.10 0.33 <0.05 0.70 
Nitrogen % 0.49 0.27 0.37 0.67 0.21 2.46 
Oxygen % ** 4.6 <0.1 <0.1 2.9 <0.1 <0.1 
Analysis basis : As received into laboratory 
* Corrected for moisture content. 
** Calculated using determined values (by difference) 
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Table 7-4 Variation of chlorine content through the pyrolysis and activation stage of the scrap tyre 
rubber 
Stage Sample Cl (%) Yield (wt%) 
% of Cl lost 
from stage 0 
% of Cl lost 
from stage 0 
O Scrap tyre rubber 0.04 100 na Na 
© Pyrolysed scrap tyre 0.03 34 -75 Na 
© Activated scrap tyre 0.01 29 -93 -90 
7.3.2.3 The Norit Darco "Hg" 
Despite having the highest surface area, the commercial active carbon Norit Darco "Hg" 
showed poor performances for mercury capture as the temperature was increased. This 
confirms that although the physical properties (surface area, microporosity) of the sorbent 
plays a major role at the lowest temperature (100°C) tested, the chemical properties become 
increasingly important as the temperature is raised and the mercury species become more 
volatile. The strong decrease in mercury capture with rising temperature has been noted in 
earlier studies, while testing active carbon in a nitrogen atmosphere [85]. However, it has 
been shown that the activated carbon became more efficient for mercury capture when acid 
gases, such as HC1, NON, SO2, are present in the gas phase [87]. Other authors have found that 
HC1 gas was adsorbed onto the activated carbon surface [38]. 
In a parallel project in our laboratories, the influence of acid gases on the capture of mercury 
vapour by sorbents has been studied in a simulated combustion, i. e. oxidizing, atmosphere 
[88]. The influence of HC1 gas has been examined by comparing the capture efficiency of 
Norit Darco "Hg", pyrolysed scrap tyre and activated scrap tyre with, and without, initial 
exposure to HCI. The adsorption experiments were conducted at 150°C, with a gas flow rate 
of 40 ml. min-1 NTP, and mercury and HC1 concentrations of 29 ng. 1-1 and 200 ppm', 
respectively. Figure 7-4 shows the improvement in mercury capture for the Norit Darco "Hg", 
the pyrolysed and activated scrap tyre after exposure to HC1 gas. If these sorbents were 
exposed to HC1 gas at 150°C they exhibited nearly 100% mercury capture efficiency, thus 
becoming more efficient than the combustion fly ash B. It is also observed that the activated 
scrap tyre has a higher capture efficiency than the pyrolysed scrap tyre, suggesting that the 
surface area has become important for the adsorption of HC1 onto the carbon surface. The 
larger surface area sorbent having the capacity to adsorb more acid gases and hence more 
active sites for mercury capture will be formed. This further emphasizes the importance of 
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chlorine active sites for chemical adsorption of mercury vapour at temperatures higher than 
100°C, where physical adsorption is no longer efficient. 
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Figure 7-4 Influence of an initial HCl exposure of the sorbent prior to mercury capture at 150°C [88]. 
7.3.2.4 The pyrolysed sewage sludge 
Observations of the mercury capture efficiency of pyrolysed sewage sludge suggest a 
chemical interaction between the mercury vapour and some particular element in the sorbent. 
As shown in Table 7-3, the pyrolysed sewage sludge contained appreciable amounts of 
sulphur (1.04%) and chlorine (0.06%), although XRD analysis did not reveal the presence of 
any crystalline phase containing sulphur or chlorine (cf § 3.2.6.7). This means that these 
elements must be present in the organic matter of the pyrolysed sewage sludge and therefore 
free to react. The good performance of the pyrolysed sewage sludge could thus be explained 
by the chemical adsorption of mercury vapour onto chlorine and sulphur active sites. 
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7.3.3 Study of the influence of the interstitial velocity on the mercury capture efficiency of 
the pyrolysed sewage sludge 
Pyrolysed sewage sludge was chosen for this study because of its good performance for 
mercury capture and also because more of the material was available than the combustion fly 
ash B. The same experimental set-up was used as for the previous experiments but the 
operating parameters were changed; with all the tests being performed at 150°C for a period 
of one hour, with a sorbent mass of around 700 mg corresponding to a bed height of 7 mm 
[thereby providing sufficient contact time between the mercury vapour and the sorbent 
particles]. The inlet gas flow rate was varied from 40 to 130 ml. min-1 NTP, which according 
to the calculations presented in section D. 2 of Appendix D, gave an interstitial velocity 
varying between 5.8 and 18.7 mm. s-1. Even the maximum flow rate studied [130 ml. min-1] 
still gave good mercury mass balances, thereby demonstrating the absence of leakage from 
the system. In addition, the mercury concentration in the gas phase was reduced from 100 
ng. 1-1 to 64 ng. 1-1 in order to reduce the total amount of mercury sent to the reactor when 
operating at the highest flow rate 
Figure 7-5 indicates that, as expected, the capture efficiency of the pyrolysed sewage sludge 
decreased as the interstitial velocity through the sorbent bed increased. The contact time 
between the mercury vapour and the sorbent particles is reduced as a direct consequence of 
the reduction in the interstitial velocity. Thus the probability of a mercury molecule being 
adsorbed onto the sorbent particle surface is reduced. 
In each experiment, the interstitial velocity was changed by varying the inlet gas flow rate. 
Since the mercury concentration in the gas stream was kept constant, the amount of mercury 
delivered to the reactor increased with the increasing flow rate, during a one-hour experiment. 
However, the maximum [i. e. saturation] mercury capacity of the pyrolysed sewage sludge did 
not appear to be reached. The trend observed in Figure 7-6 shows that the amount of mercury 
captured per unit mass of sorbent increased as the velocity increased. There is a slight decline 
in the slope after 12 mm. s-1 but this may well be due to experimental errors. 
Although a different sample mass has been used here, compared to the earlier set of 
experiments (Figure 7-2), it is possible to compare the capture efficiencies obtained for a 
similar residence time. The 93% capture efficiency obtained at 150°C for the pyrolysed sludge 
153 
Chapter 7 The Study of Mercury Removal 
(Figure 7-2) was achieved with a residence time of 0.7 s (Appendix D, Table D. 6). From 
Figure 7-5, it can be deduced that a residence time of 0.7 s gave a capture efficiency of 91%, 
very close to the one obtained previously. This good match further reinforces the correlation 
between the performance of the sorbent and the contact time of the mercury in the sorbent 
bed. This could also suggest that, in our study, the mercury concentration in the gas phase is 
not playing a major role in determining the mercury capture efficiency. 
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Figure 7-6 Effect of the interstitial velocity on the amount of mercury captured by the pyrolysed 
sewage sludge at 150°C 
7.3.4 Effect of the mercury concentration on the capture efficiency 
The influence of three different mercury concentrations (30,64 and 100 ng. 1-1) on the mercury 
capture of the pyrolysed sewage sludge has also been studied. 
A 700 mg sample of pyrolysed sewage sludge was exposed to mercury vapour for one hour at 
150°C. 130 ml. min 1 of nitrogen with the required mercury concentration was sent to the 
reactor. Under these conditions, according to the physical properties of the pyrolysed sewage 
sludge, the interstitial velocity and residence time were found to be equal to 18.7 mm. s-' and 
0.4 s, respectively. Further information for these experiments, including mass balances, are 
given in section D. 3 of appendix D. 
The results presented in Figure 7-7 confirm the hypothesis, suggested in the previous section, 
that mercury concentration does not influence the mercury capture efficiency of the pyrolysed 
sewage sludge. Indeed, when experimental errors are taken into account, the measured capture 
efficiency is seen to remain approximately constant, at around 70%, over the range of 
concentrations studied. Furthermore, as seen from Figure 7-8, the amount of mercury captured 
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per unit mass of sorbent increased linearly with the concentration of mercury in the gas 
stream, suggesting that the maximum retention capacity of the sorbent was far from reached. 
In fact all these results show that the sorbent bed reactor operates as a plug flow reactor for 
the mercury capture. In the case of the pyrolysed sewage sludge it was found that the mercury 
concentration in the gas did not influence the mercury adsorbtion onto the sorbent. However, 
the mercury capture efficiency of the pyrolysed sewage sludge, or the overall mercury 
conversion (if compared with a plug flow reactor), was dependant of the residence time 
[which is a function of the inlet gas flow rate and the sorbent mass]. This would also suggest 
that at a given temperature, the overall rate of reaction is constant whatever the input flow rate 
and mercury concentration. Therefore the capture mechanism of mercury is likely to be 
"reaction controlled" rather than "diffusion controlled". This will be further investigated in 
the following section. 
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Figure 7-7 Effect of the mercury concentration in the gas stream on the mercury capture efficiency of 
pyrolysed sewage sludge at 150°C 
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Figure 7-8 Effect of the mercury concentration in the gas stream on the amount of mercury captured 
by the pyrolysed sewage sludge at 150°C 
7.3.5 Case study of the reaction rate and mass transfer coefficients for the pyrolysed sewage 
sludge 
7.3.5.1 Transport and reaction mechanism of mercury vapour at the surface of the sorbent 
particles 
The transport and reaction mechanism of mercury vapour on the active sites of the sorbent 
particle can be illustrated as Figure 7-9, where mercury is identified as component A. 
- CA is the mercury concentration in the bulk gas, mol. m-3 
I NA is the rate of transport of mercury expressed per unit mass of sorbent, mol. kg-. s-1 - 
- k,. is the rate coefficient for the reaction, m3. 
kg-l. s-1 
- kn is the mass transfer coefficient, m. s-1 
- 
CAs is the concentration of mercury at the interface, mol. m-3. 
- Cs is the concentration of mercury 
in the sorbent, mol. kg-1. 
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Figure 7-9 schematic of the transport and reaction mechanism at the surface of the sorbent 
Assuming a first order reaction, the rate of reaction (r As) of mercury on the active sites 
expressed per unit mass of sorbent (mol. kg-l. s-1) can be written as: 
SS 
rAs _ kt' CAS Eq. 7-1 
The consumption of mercury at the interface has to be compensated for by transport from the 
bulk gas, the flux of which can be written: 
NA = kn, an? (CA - CAS S Eq. 7-2 
In equation 7-2, in order to express the rate of transport of mercury NA per unit mass of 
sorbent (mol. kg-l. s-1) the mass transfer coefficient kn is multiplied by am, the external surface 
area per unit mass of the sorbent (m2. kg-1). 
For steady state, the two rates must be equal: 
S Na=YA, = rA Eq. 7-3 
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Thus, 
kr C 
As =km 
am (CA -C S) Eq. 7-4 
and the surface concentration can be expressed as a function of the bulk concentration: 
Cs - 
kmam 
c As + kr + km am A Eq. 7-5 
Then this result is substituted in equation 7-1, to give the global reaction rate: 
S kr km am 
1"AS = rA = 
'Tr + km am 
CA = IZ 0 
CA Eq. 7-6 
Where ko is the overall rate coefficient defined as: 
k °11 
kr km am 
Eq. 7-7 
There are two limiting cases: when the mass transfer step is much more rapid than the surface 
reaction step, k na, n » kr and equation 7-7 gives k0 = kr. Also CSAs = CA, and the mercury 
concentration at the surface is the same as that measured in the bulk gas. The overall process 
is "reaction controlled" and the observed rate corresponds to the actual reaction. 
The other limiting case is that of almost instantaneous reaction, k,. » kmam, and equation 7-7 
gives k0 = kma,,. Also CSAS - 0. The overall process is "diffusion controlled" and the observed 
rate corresponds to the actual reaction. 
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7.3.5.2 Determination of the reaction rate coefficient kr 
The overall reaction rate rA can also be expressed by equation 7-8 from a material balance 
over a differential mass of sorbent with a plug flow assumption. Over any cross-section 
normal to the reactor axis, the mass flow rate, flow velocity, pressure, temperature and 
composition are assumed constant. 
dnA 
nA dýIýl Eq. 7-8 sorbent 
Where: 
  rA is the overall reaction rate, mol. kg-l. s-1. 
  nA is molar flow rate of mercury into the sorbent bed, mol. s-1. 
  Msorbent is the mass of sorbent, kg. 
With a constant gas flow rate Qo we can then write: 
ko CA =- Qo 
dCA 
dM Eq. 7-9 bed 
Thus, 
CA MbedkO dCA 
Eq. 7-10 J Q0 
CA 0 
CA 
where CAO is the initial mercury concentration in the bulk gas. Integration of equation 7-10 
leads to: 
Mbed k0 
=_ Ln 
CA 
Q0 CAO Eq. 7-11 
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The capture efficiency of the sorbent can be written as E= 1- 
CA 
and the volume gas C, A© 
flow rate as Qo = A, c UA . Ae is the cross section area of the reactor, c is the voidage of the 
sorbent bed and UQ is the interstitial velocity. 
Equation 7-11 can then be written as: 
Ln(1- E) = 
Mbedko 
Ae CUA 
Eq. 7-12 
1 
with ko =11. As mentioned above, in the case of a reaction controlled process, 
ks kmc am 
kmam » kr and ko = kr. Furthermore, if we assume the temperature inside the sorbent bed 
constant and uniform then ko = cste. Equation 7-12 can therefore be written as: 
Ln(1- E) 
Mbedko 1 
AeC 
JUA 
1 
If we then plot the equation Ln(1- E) =f UA 
Eq. 7-13 
, we should obtain a 
linear relation at the 
highest velocities, favouring mass transfer against reaction rate, and the slope of the line 
obtained could then give us a value of ko. 
In the case of our study of the variation of the capture efficiency of the sewage sludge as a 
function of the interstitial velocity (Figure 7-5), the slope of the straight line following the 
I 
plot of the equation Ln(1- 
E) =fU at the highest velocities was equal to 0.0246 m. s-1 
A 
(Figure 7-10). 
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With a bed voidage F. of 0.53, a mass of sorbent of 0.7 g, and a reactor diameter of 0.02 m, 
we therefore obtain an overall rate constant of 5.8 5x 10-6 m3 . g-' . s- 
'. 
1/Ua (s. m-1) 
0.0 
-0.5 
-1.0 
-1.5 
a -2.0 
-2.5 
-3.0 
-3.5 
Figure 7-10 determination of the overall rate constante 
7.3.5.3 Determination of the mass transfer coefficient km. 
In the case of mass transfer involving laminar flow about simple geometries, transfer 
coefficients are averaged over the entire particle. The results are expressed as correlations of 
the Sherwood (Sh) number as a function of Reynolds (Re) and Schmidt (Sc) numbers [89]. 
These dimensionless numbers are defined as follow: 
Sh = 
kmdp 
Eq. 7-14 
D 
Sc =p Eq. 7-15 
pD 
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Re = 
PUa dp 
Eq. 7-16 
If 
km is the mass transfer coefficient (m. s-1), dp is the particle diameter (m), UQ is the interstitial 
velocity, p (kg. m-3) and ,u (Pa. s) are the density and viscosity of the gas phase. 
In the case of spherical particle and laminar regime (Re <10-1), the Sherwood number can be 
determined as a function of Reynolds and Schmidt numbers from the following correlation 
[89] : 
Sh = 2.0 + 0.60(Re)Y2 (SC) 
Y3 
The diffusion coefficient of mercury into the nitrogen phase can be obtained from the 
Eq. 7-17 
following expression proposed by Fuller, Schettler and Giddings [89]: 
DAB 
1.10-37, i. 75 1 MA + 
/MB) 
Eq. 7-18 
PT' 
[(vA/ 
+`I]V& 
13 2 
In this relation, DAB is in units of cm2. s-1, T is the absolute temperature (K), PT the total 
pressure in atmospheres, and V are the atomic and molecular volume contributions. These are 
empirical constants which correspond very approximately to the molar volume of the 
substances in cm3. mol-1. 
From the Perry's Chemical Handbook, the diffusivity of mercury in nitrogen at 273 K is 0.13 
cm 2. s-1 and we obtain by applying a temperature correction 423 K in line with equation 7-18, 
DHg_NZ = 0.13 
423 I . 7S 
273 = 
0.279 cm Zs 
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This calculated value was found to be very close to the experimental value of 0.273 cm2. s-1 
measured by Gardner et al. [90]. 
From equation 7-15, by using the thermo physical properties of nitrogen at 420 K, the 
Schmidt number can be calculated: 
Sc = 
23.10-6 
_4 =1.01 0.813 x 0.279.10 
For each of the interstitial velocity at which the capture efficiency of the sewage sludge have 
been studied, the Reynolds number as well as the Sherwood number have been calculated 
following the correlation given in equation 7-17. The results are presented in Table 7-5. For 
the calculation of the Reynolds number, the particle diameter used was the equivalent 
diameter of a non-spherical particle calculated in section 4.6.2.1, Dp= 42 µm (Table 4-3). The 
thermo physical properties of nitrogen at 420 K: p=0.813 kg. m-3 and µ= 23 Pa. s were also 
used. 
Table 7-5 calculation of the Sherwood number at the different interstitial velocities studied for the 
pyrolysed sewage sludge 
Ua (mm. s ) Re Sh 
18.7 0.028 2.10 
15.8 0.023 2.09 
12.9 0.019 2.08 
10.8 0.016 2.08 
5.8 0.009 2.06 
average 2.08 
As shown on Table 7-5, the Sherwood numbers are very similar for all the interstitial 
velocities with an average value of 2.08. In the case of spherical particles and very small 
Reynolds, a Sherwood number with a value of 2 is commonly accepted. 
From equation 7-14, the mass transfer coefficient km can then be calculated using Sh = 2.08, 
DHg_N2 = 0.279x 10-4 m2. s-l and dp = 42 µm. 
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k=2.08 x 
0.279.10-4 
"' 42.10-6 = 
1.38 m. s -1 
7.3.5.4 Comparison of the mass transfer and reaction rate coefficients 
In section 7.3.5.2, we assume the mass transfer coefficient to be much greater than the 
reaction rate coefficient: kram » kr and that ko = kr. The ratio can now be calculated kr 
using the values obtained for kr and k,, in the previous section and a value of a, equal to the 
BET surface area of the pyrolysed sewage sludge (Table 3-3): am= 52.51M2 kg-1. 
ka 1.38x52.51 
m"'1.2.10' 
kr 5.58.10-6 
We can therefore conclude that the capture mechanism of mercury by the pyrolysed sewage 
sludge is "reaction controlled". The diffusion resistance in the external film at the surface 
particle was negligible compared to the reaction resistance. 
7.3.5.5 Diffusion and reaction of mercury vapour in the porous sewage sludge particle 
For the gas diffusion through a single cylindrical pore, the ratio of dpOYe to the mean free path 
A, the average distance travelled by a molecule, will determine whether or not the pore will 
affects the diffusion behaviour. A is often in the order 10-7 m at atmospheric pressure and is a 
direct measure of the diffusivity of a substance. Three different situations may occur [89,91]: 
dpOYe >>A (Figure 7-11-A): molecular diffusion dominates, the gas molecules move in space 
in random motion with an average velocity u, repeatedly undergoing collision with the other 
moving molecules, which cause them to be deflected into a new direction. 
When the pore diameter drops below the value of the mean free path dpOYe «A and the 
diameter of the molecule is smaller than the pore diameter dmoi «< dpore: the diffusion 
mechanism undergoes a change to what is termed Knudsen diffusion. Here the impeding 
collisions no longer occur between the gas molecules, but rather between gas molecules and 
the wall of the pore itself. The pathway is still a random one, but it now zigzags between the 
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walls of the pores, which deflect the gas molecules into a new direction (Figure 7-11 -B). The 
diffusion coefficient DAB is replaced by the Knudsen diffusivity: 
=42 
RT 1/2 
DKA 
3 p", M A 
Eq. 7-19 
Where rpore is the pore radius, R is expressed in kg. m2. s-2. K"l. kmol-1 and MA is the molecular 
weight of the diffusing species in kg. kmol-l. 
The last situation corresponds to the case where dpore «A and the pore size is of the order of 
magnitude as the molecule themselves, d201 - dpOYe (Figure 7-11-C). The diffusion mechanism 
is referred as configurational diffusion and is very difficult to predict. Figure 7-12 presents an 
estimate of the order of magnitude of the observed diffusivities. 
dpo 
A 
ore ". 
'ý 
B 
dpore 
C 
Figure 7-11 diffusion in a porous solid : A) molecular diffusion; B) Knudsen diffusion ; C) 
configurational diffusion. 
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Figure 7-12 Diffusivity and size of aperture (pore). The classical regions of regular and Knudsen and 
configurational diffusion [91]. 
In our study, the pyrolysed sewage sludge is mainly constituted of micropore and mesopore 
(cf Figure 3-3), more than 90% of the pores have therefore a diameter of less than 50 nm. This 
is much smaller than the main free path 2, which is in the order of 10-7 in at atmospheric 
pressure. Also the diameter of a mercury molecule is around 1.7x10-10 in (1.7A) which is 
smaller than a micropore diameter. It is therefore suggested that Knudsen diffusion is 
occurring within the pores of the pyrolysed sewage sludge particles (Figure 7-12). 
Considering R= 8314 kg. m2. s-2. K-l. kmol ', MHg = 200.6 kg. kmol-1, a temperature of 423 K 
and in the case of a micropore, a pore radius of 1x109 m, from equation 7-19 the Knudsen 
diffusivity can be calculated: 
92 8314 x 423 221 DKýf = 31.10 -x =1.4.10 ms 
;c 200.6 
DKHX =1.4.10-3emZ. s-' 
If the diffusion was considered through a mesopore (r = 25x10-9 m) this would lead to a 
Knudsen diffusivity: DK 
4=3.5.10-2 
cm' . s-1. 
R'na'; *z 
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When reaction occurs on the pore walls simultaneously with diffusion, the process is not a 
strictly consecutive one, and both aspects must be considered together. Detailed information 
can be found in literature on the theory of reaction and diffusion of gas into catalyst particle 
[89,91,92]. In our work, considering that at 150°C the mercury vapours would have been 
captured through chemical adsorption by the pyrolysed sewage sludge, we could use the 
knowledge gained from catalysis work to study the reaction/diffusion phenomena occurring in 
the sorbent particles. 
By solving the steady-state diffusion equation for a spherical geometry, a convenient rating 
factor for this effect called the effectiveness factor q can be introduced (Thiele and 
Zeldowich) [91,92] : 
%= rate of reaction with pore 
diffusion resistance 
rate of reaction with surface conditions 
The effectiveness factor is a function of the Thiele modulus 0" which expresses the combined 
effect of reaction rate constant kr and effective diffusivity (in our case the Knudsen diffusivity 
calculated above: DKHg), on the concentration profile in the particle. For a spherical particle is 
defined as 0"= rP krPS/DKg " In this relation, rp 
is the diameter of the particle, p, is the 
density of the solid and is the. A plot of the effectiveness factor as a function of the Thiele 
modulus 0" is given in Figure 7-13. 
t 
l r, z 1.1. 
F. 
tý t 
Figure 7-13 Effectiveness factor for a slab (1), cylinder (2), a sphere (3) [91] 
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Large values of the Thiele modulus (4"-> oo) are associated with larger particles and low 
diffusivities, and imply a strong pore diffusion resistance. This means the diffusion resistance 
causes a concentration profile to exist in the particle because the mercury cannot diffuse in 
from the bulk sufficiently rapidly. Small values of the Thiele modulus 0), on the other 
hand, imply a low reaction rate and high diffusivities. Concentration profiles under these 
conditions will be nearly flat, and the adsorption of mercury will be effective (ii -> 1). 
According to Figure 7-13, in the case of a spherical particle, if the Thiele modulus is smaller 
than 0.8 then the adsorption of mercury would be effective. 
In our case if we consider the diffusion/reaction through a micropore: DKHg = 1.4x10-7 m2. s-l, 
with ps = 457 kg. M-3 , rp = 21 µm and the 
kr = 5.85x10-3 m3. kg l . s-1 
(cf. § 7.3.5.2), we obtain: 
0"=21.10-6 
5.85.10-3 x457 
=0.11 1.4.10-' 
Therefore, if ý"--> 0 the effectiveness factor q--> 1 which means that there are no appreciable 
resistance for diffusion in the particle. The pyrolysed sewage sludge particles being very 
small, the diffusion into the particle is relatively rapid and it is the adsorption of mercury onto 
the active sites which is the limiting factor. 
7.4 Conclusions 
The results of the current study suggest that mercury is physically adsorbed at the lowest test 
temperature (100°C), where most of the sorbents retained more than 90% of the mercury 
present in the gas stream. However, as the sorbent bed temperature is increased the role of 
chemical interaction between mercury and the sorbent become increasingly important. 
The results have also confirmed the role, observed previously by authors testing impregnated 
carbons, of the sulphur and chlorine component of the sorbent, as an oxidising agent for 
mercury capture. However, the results indicate the particular importance of free sulphur or 
chlorine, i. e. not bound in stable crystalline phases like wurtzite, rather than the absolute 
concentration in determining the enhancement of mercury capture. This point is illustrated by 
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the observation that the pyrolysed and activated scrap tyre carbons were not the most effective 
sorbents despite containing much more sulphur than the other sorbents tested; most of the 
sulphur in the tyre carbons was present as stable wurtzite, which seems relatively inert. 
Furthermore, comparison of the performance of the pyrolysed and activated scrap tyre has 
reinforced the role of chlorine in mercury capture, although it is suggested that mercury 
adsorption onto chlorine active sites is less stable than onto sulphur active sites. 
The current study has also shown the importance of the acid gases that are always present in 
the flues gases of coal-fired power stations. Indeed, the coal fly ash tested here, which has 
already been exposed to acid gases in the combustion plant, was the most effective sorbent for 
capturing mercury over the full temperature range tested. Through reaction on the surface of 
the carbon component within the ash particles, the acid gases are responsible for the creation 
of active sulphur or chorine sites. However, even if a sorbent contains only low initial levels 
of sulphur and chorine, it may become efficient under real plant conditions provided that it 
has sufficient carbon content and surface area for acid gases to be adsorbed to form active 
sites for mercury capture. This was the case of the active carbon Norit Darco "Hg" and also 
for the activated scrap tyre rubber, with the latter showing very promising performance after 
exposure to HCl gas. Precautions must therefore be taken for the use of fly ash as a potential 
sorbent for trace elements capture. Althou gh the fly ash was very efficient in r etaining 
mercury in the laboratory test apparatus, the fact that it contains only a small amount of 
unburned carbon means that the capacity to form additional active sites when re-exposed to 
flue gases is limited compared to activated carbon. Its maximum mercury capacity could then 
be reached more rapidly. 
The detailed study of the capture mechanism for mercury on pyrolysed sewage sludge at 
150°C, where the experimental data had suggested that chemical interactions were taking 
place, indicated that the adsorption was "kinetically controlled". Indeed, as a consequence of 
the small particle size of the sorbent, the calculated mass transfer coefficient was seven orders 
of magnitude higher than the reaction rate coefficient, thus suggesting negligible diffusion 
resistance in the external film. Similarly, the diffusion of mercury vapour inside the pores of 
the sorbent particles was found to be relatively rapid, sug gesting that the adsorption of 
mercury onto the active sites would be the limiting factor. In the current study, the mercury 
concentration in the gas stream did not a ffect the mercury capture efficiency at 150°C. 
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However, the capture efficiency of the pyrolysed sewage sludge depended on the residence 
time of the mercury vapour in the sorbent bed. In fact the sorbent bed reactor behaved as a 
plug flow reactor, with the overall reaction rate being constant at a given temperature and the 
conversion (or efficiency) being dependant on the residence time. This suggests that in 
addition to the physical and chemical properties of the sorbent, care must be taken in the 
design of the pack bed sorbent reactor to ensure that the chosen residence time guaranties the 
best capture efficiency. 
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The Study of Cadmium Removal 
8.1 Introduction 
The objective of this chapter is to study the effect of temperature on the cadmium capture 
efficiency of selected sorbents. The generation of cadmium vapour species and adsorption 
studies requires higher temperatures than used for mercury or arsenic thus the borosilicate 
reactor, which is limited to a maximum operating temperature of 500°C, has had to be 
replaced by a re-designed quartz reactor. As in the study of arsenic and mercury, an attempt 
has been made to understand the capture mechanism for cadmium through analysis of the 
adsorption results, taking account of mass transfer considerations. Also since LODs of the 
XRD and SEM techniques have shown several limitations during the study of arsenic, 
leaching tests have been performed on the sorbents exposed to cadmium vapour, in an attempt 
to determine the nature of the bonds formed, as a function of temperature, between the 
adsorbed cadmium and the sorbents matrix. 
8.2 Experimental 
8.2.1 Quantifying of cadmium captured by the sorbents: digestion procedure and analytical 
techniques. 
As in the case of arsenic, the quantification of cadmium in sorbents by ICP-AES or ICP-MS 
requires that the sample be dissolved in strong mineral acids. As mentioned in section 2.1, the 
method commonly used is open vessel digestion. This method usually requires the sample to 
be ashed first in concentrated sulphuric acid (98%) in order to digest organic components and 
retain the volatile metals as sulphates [58]. However, the current cadmium studies have been 
limited to comparing the performance of coal fly ashs with aluminium-silicate sorbents, which 
are essentially inorganic materials which did not required this initial ashing step [the carbon in 
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the coal ash is present at a low level only] . The method used 
for cadmium digestion was as 
follows [58]: 
10 mg of sample were treated with 300 d of perchloric acid (60% w/w) and 500 µl 
hydrofluoric acid (40% w/w) at 200°C in a Pt-crucible. The mixture was heated on a hot-plate 
for approximately 45 mins to incipient dryness, such that all the HF was removed as gas and 
all the Cl ions as HC1 gas, as these would be problematic if the samples were to be analysed 
using ICP-MS. This process dissolved the refractory silicates in the ash. The dry residue 
remaining in the crucibles was then dissolved by reheating at 150°C in 10% nitric acid (made 
up from 69% w/w) for 15 mins. The clear solution obtained, indicating complete dissolution 
of the solid sample, was made up to 10 ml to give the final analyte. 
8.2.2 Generation of the cadmium vapour species 
8.2.2.1 Limit of detection of the ICP-AES 
Each time a batch digestion is performed, a certified standard reference material is included to 
verify the accuracy of the results. The standard reference material NIST 1633b [a coal fly ash] 
has been digested according to the method presented in section 8.2.1. This standard ash 
material had the highest "certified value" for cadmium [at 0.784 mg. kg"1 (ppm) [93]] of all the 
reference materials available. The standard reference coals available have even lower certified 
values. 
According to equation 2-1, digesting 10 mg of sample and then making up the final analyte to 
a volume of 10 ml results in a dilution factor [DF] of 1000. The cadmium concentration to be 
measured in this analyte by the ICP-AES machine would then be 0.784 µg. l-' (ppb). Table 8-1 
gives the ICP-AES results following the digestion of a 10 mg and 20 mg of NIST 1633b. The 
latter mass was tried in order to assess whether a smaller dilution factor could improve the 
results. Unfortunately, for all the tests on the reference standard, the measured concentrations 
exceeded the certified value by 150 to 260%. However, it became apparent that the cadmium 
concentration in the blank, meaning the initial cadmium content in the dionised water and the 
acids used, which had to be subtracted from the sample concentration, was 7 pg. l-1. This low 
value was already 10 times higher than the concentration to be measured in the NIST 1633b 
(0.784 µg. 1-1). Furthermore, the limit of detection for ICP-AES cadmium measurement 
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calculated from the background signal (procedural blank- equation 2-2) was found to be 4.5 
mg. g-1. The concentration of cadmium in the standard reference material was therefore too 
small to be confidently measured by ICP-AES. All these considerations explain the poor 
agreement of our results with the certified values. Although the detection limit for cadmium 
by ICP-MS is lower (5-6 ppt), the analysts at the University of Kingston do not recommend 
carrying out such measurements with high backgrounds. 
Table 8-1 ICP-AES analyses for the cadmium content of the SRM 1633b. 
Sample mass 
(mg) 
DF cone. 
m 11 
0 RSD (/o) cone. in solid 
mkt 
% diff. with 
Certified value 
Proc. blank na. na. 0.007 2.64 na. na. 
NIST 1633b 10.6 943 0.003 23.98 2.83 261% 
NIST 1633b 12.2 820 0.003 20.03 2.46 214% 
NIST 1633b 19.8 505 0.004 20.50 2.02 158% 
NIST 1633b 20.8 481 0.005 16.07 2.40 207% 
Earlier studies in our research group have show that the digestion method used is very 
efficient for extracting trace elements other than arsenic and selenium. However, they also 
found that the cadmium concentration in the certified standard coal and ash material were far 
too small to be measured using ICP-MS. Although they did obtain good agreement for one 
"non certified" ash material, they concluded that determination of cadmium at this level was 
not reliable. 
In our case, we did not include a reference material in our sample batch. The cadmium 
content in each exposed sorbent was determined by analysing two fractions, each of 10 mg, 
which were homogenised for one hour using a rotary mixer prior to analysis. If clear solutions 
were obtained in the Pt-crucible after digestion, indicating complete dissolution of the solid 
samples, and if the concentrations (mg. kg 1) obtained in each of the 10 mg fraction were 
comparable, then the digestion step was assumed to be successful. 
8.2.2.2 Generation of the cadmium vapour 
Thermodynamic equilibrium modelling has shown that under reducing conditions, cadmium 
is predicted to be present in the gas phase as elemental cadmium Cd<g> at temperatures 
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higher than 450°C. However, at temperatures below 500°C, cadmium would condense in the 
system as cadmium sulphide by reaction with the hydrogen sulphide (H2S) present in the 
gasification atmosphere. In the current experiments, cadmium powder supplied by Sigma 
Aldrich with a purity of 99.5% was heated in a flow of nitrogen gas. As shown in Figure 8-1, 
thermodynamic equilibrium calculations confirm that heating solid elemental cadmium will 
result in the generation of vapour phase elemental cadmium Cd<g>. In these thermodynamic 
calculations, the amount of cadmium given as input was 8.9x10-6 moles, corresponding to the 
vaporisation of 1000 µg of solid cadmium (112.4 g. mole-1) over one hour experiment and 0.1 
mole of nitrogen corresponding to a gas flow rate of 40 ml. min 1 NTP. 
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Figure 8-1 Predicted thermodynamic equilibrium for cadmium under nitrogen. 
The limit of detection for cadmium resulting from the ICP-AES analyses was 0.5 mg. kg-1. If 
we consider conducting the adsorption experiments with 500 mg of sorbent, this would mean 
that at least 0.25 pg of cadmium would have to be captured in order to be measured by the 
ICP-AES instrument. If this value is taken to correspond to a minimum capture efficiency of 
1% 
, 
it is necessary to sent at least 25 µg to the sorbent bed in a one hour of experiment, or 7 
ng. s-1. Owing to the limits in accuracy of the Thermo Gravimetric balance (± 3 µg) used, it 
was not appropriate to generate such small amount of cadmium vapour. It was thus decided to 
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produce an amount of trace element vapour in the same range of the arsenic experiment, i. e. of 
1000 µg in one hour. 
Preliminary Thermo Gravimetric Analysis (TGA) under nitrogen of the cadmium powder 
[supplied by Sigma Aldrich with a purity of 99.5%] has been conducted in order to get an idea 
of the cadmium evaporation rate as function of temperature. As shown on Figure 8-2, above 
400°C the evaporation rate of cadmium becomes very significant, e. g. 200 ng. s-1 of cadmium 
vapour is produced at 41 0°C with a temperature programme of 15°C. min-. 1 
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Figure 8-2 Evaporation rate of cadmium powder 99.5% under nitrogen (40 ml. min-1,15°C. min-') 
Within our reactor generation configuration, a temperature of 350°C was found to be 
sufficient to generate an amount of cadmium vapour in the range of 1000 µg over one hour. 
Given a nitrogen flow rate of 40 ml. min 1 NTP, an experiment of one hour duration with 
around 1000 µg of cadmium being vaporised, the concentration of cadmium (Cd) in the gas 
phase is estimated to be 416 µg. 1-1 NTP. This relatively high concentration is needed for a one 
hour experiment so that low levels of cadmium capture by the sorbent can be quantified by 
ICP-AES. Unfortunately, this cadmium concentration is nearly 1400 times more than that 
estimated in the raw gas of an IGCC power plant (cf section 4.5). 
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8.2.3 Cadmium retention on sorbent 
Cadmium capture studies have been limited to the study of three sorbents, a combustion [p. f. ] 
coal ash, a gasification fly ash and meta-kaolinite. The capture efficiencies of these three 
sorbents have been determined at two different temperatures, 350°C and 600°C. 
The initial concentrations of cadmium present in these sorbents are listed in Table 8-2; they 
have been determined by ICP-AES analysis following the wet-ashing digestion procedure 
presented in section 8.2.1. The mass of sorbent used in each experiment was around 500 mg, 
which means that the initial amount of cadmium in the sorbent varied from 1.58 µg for the 
combustion fly ash B, up to about 12.99 µg for the gasification ash. Cadmium could not be 
detected in the meta-kaolinite sorbent. The amount of cadmium vaporised from the generation 
section for the duration of the experiment (one hour) was kept in the region of 1000 µg, 
therefore the highest initial content of cadmium was less than 6% of this figure. 
Table 8-2 Initial Concentration of Cadmium in the sorbents 
Initial Cd conc. (mg. kg 1) 
Coal gasification fly ash 25.99 + 0.78 
Coal combustion fly ash B 3.16 + 0.05 
Metakaolinite 0 
8.2.4 Operation and early modification of the protocol 
As mentioned previously, borosilicate glass can only withstand a maximum wall temperature 
of about 500°C, and the cadmium experiments require higher temperatures. Thus cadmium 
experiments have been conducted in a modified quartz reactor, based on the initial reactor 
design used for arsenic and mercury (cf. § 4.2). 
All cadmium adsorption experiments have been conducted according to the operating 
procedure presented in section 4.7. As in the arsenic protocol, a few milligrams of cadmium 
powder (99.5% purity) were weighed and placed in a TGA platinum pan which was then 
introduced into the first section of the quartz reactor, as explained in section 4.7. Once the 
temperature of the sorbent bed was stable for at least 10 min, a nitrogen flow rate of 40 
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ml. min-I NTP was sent through the reactor and the first stage was heated up to 350°C. After 
one hour, the remaining cadmium solid was weighed and the sorbent bed was recovered. The 
sorbent was then digested according to the method presented in section 8.2.1 and analysed for 
its cadmium content using ICP-AES. 
8.2.4.1 Oxidation of the cadmium vapour 
When the first cadmium experiments were performed, a red deposit was formed in the 
generation stage, as well as in the second stage of the reactor. Experience gained from the 
arsenic study (cf. § 6.3.2.3) had suggested that the cadmium vapour was being oxidised by 
residual air diffusing from the dead volume of the reactor. In fact, most of cadmium vapour 
generated was oxidised as red cadmium oxide (CdO) with very little of the elemental 
cadmium vapour Cd<g> reaching the sorbent bed. The cadmium oxide formed on the reactor 
wall was soluble in 10% nitric acid solution. 
Precautions were first taken regarding the small amount of oxygen contained in the CP grade 
nitrogen cylinder. The 2 ppm' oxygen concentration in the nitrogen gas was reduced below 1 
ppb" by incorporating an Indicating Oxy-TrapTM from Alltech (20 ml capacity) in the inlet 
line of the system. 
Attempts were then made to remove the air trapped in the dead volumes of the reactor using a 
vacuum pump. However, the sealing of the reactor assembly ("O"-ring + clamps) was not 
sufficiently robust to withstand even a small vacuum and air was sucked in from the outside 
as a result. The best method developed involved loosening the seal between the two stages 
and then evacuating the air contained in the reactor by pressurizing the system under helium. 
Therefore, once the entire reactor was assembled with the sorbent bed and the cadmium 
source placed inside, the following procedure was carried: 
  Unfasten the seal between the two stages and pressurize the reactor under 
helium (100 ml. min-1) for 10 min, such that the pressure drop was above 30 
inches of water pressure gauge. 
  Tighten the seal and purge the reactor for 10 min with nitrogen (100 ml. min-1) 
for 10 min. 
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  Loosen seal and conduct second pressurization of the reactor under helium for 
10 min. 
  Tighten seal and change back to nitrogen gas (40 ml. min-1). The experimental 
procedure can then begin with heating of the sorbent bed to the test 
temperature. 
The above procedure enabled most of the air present in the dead volume of the reactor to be 
removed. However small amount of cadmium oxide was still observed to form on the glass 
wall of the reactor but, since the oxide deposit was soluble in a 10% nitric acid solution, it 
was possible to recover it. As shown in Figure 8-3, the cadmium oxide could form either on 
the wall of the first stage 0, on the sample pan itself 0 and the wall of the second stage @. 
The cadmium oxide deposited at these various locations was recovered using 10% nitric acid 
solution, which were then analysed by ICP-AES. 
In place of the platinum pan, a quartz pan with similar dimensions was specially 
manufactured to make the cadmium oxide recovery, by washing with the nitric acid solution, 
easier (cf Appendix E, § E. 1). The amount of cadmium actually vaporised during an 
experiment was found from the initial mass weighted into the TGA pan minus the amount of 
cadmium found in the acid wash from the pan. Considering the acid washes pictured on 
Figure 8-3 (0,0, © and 0), the cadmium capture efficiency of the sorbent tested was then 
formulated as: 
Cd capture efficiency = 
amount of Cd captured by the sorbent 
X 100 Eq. 8-1 [mass of Cd weighted by TGA ]- [l +2+3+ 4] 
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Figure 8-3 Location in the reactor of the cadmium oxide formation 
8.2.5 Leaching test 
Each of the sorbents, after exposure to cadmium vapour, were subjected to a leaching test. 
Two different leaching solutions were used: neutral (distilled water, ph -- 
7) and 0.1 M acidic 
solution (distilled water mixed with acetic acid, ph - 3). The acidic solution was prepared by 
diluting 5.7 ml of glacial acetic acid, Aristar grade (CH3CH200H), with distilled water to a 
volume of 1 litre. 
For the leaching procedure, the amount of extraction liquid was 50 times the weight of the 
solid phase, giving a solid to liquid ratio of 1: 50. For each sorbent tested, 100 mg of solid 
were mixed with 5 ml of solution in a 10 ml conical-based PTFE test tube allowing sufficient 
headspace in the vessel. The mixture was then agitated in an overhead extractor, pictured in 
Figure 8-4 [94], at a rate of 30 revolutions per minute for 16 hours. The sample was then 
centrifuged at 1500 revolution per minute to separate the liquid from the solid phase and 
allow the liquid phase to be syringed off. The liquid phase (leachate) was then further filtered 
using a 0.45 µm PTFE PURADISCTM from Whatman° and one ml was taken and diluted in a 
180 
Chapter 8 The Study of Cadmium Removal 
10% nitric acid solutiond to make up the final solution which was then analysed for its 
cadmium content by ICP-AES. 
SAMPLE 
Figure 8-4 Agitator designed to carry out leaching experiment [94] 
8.3 Results and Discussion 
8.3.1 Cadmium removal by sorbents 
The capture efficiencies measured for each sorbent at 350 and 600°C are given in Figure 8-5. 
These capture efficiencies have been determined following equation 8-1. Details on each 
individual experiment, including mass balances, can be found in Appendix E (§ E. 2). 
Appendix E also contains calculations of the interstitial velocities and residence times, 
according to the test temperature and the sorbent properties (Table E. 10). Figure 8-6 shows 
the residence time in the bed for each experimental configuration, as a function of sorbent bed 
properties and test temperature. 
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Figure 8-5 Cadmium capture efficiency of the different sorbents tested 
All three sorbents exhibit fairly high cadmium capture efficiencies [above 80%] at 350°C 
which did not significantly decrease when the temperature was increased to 600°C. Also, 
considering the experimental errors, no appreciable difference could be found between the 
coal combustion and gasification fly ashes which performed as well as the meta-kaolinite. 
Comparison of the capture efficiencies of the sorbents tested at 350 and 600°C (Figure 8-5) 
with the corresponding residence time of the cadmium vapour in the sorbent bed (Figure 8-6), 
reveals no influence of the latter on the former. This lack of sensitivity to either residence 
time or temperature suggests that the cadmium capture efficiency is predominantly dictated 
by chemical adsorption. This conclusion is further borne out by the very poor BET surface 
area and microporosity for all three sorbents (cf. Table 3-3). The chemical composition of the 
three sorbents is similar, according to XRF and EDX analyses, being mainly aluminium 
silicate (A1203, Si02). The cadmium vapour could probably be captured via the formation of 
some cadmium aluminium silicate complexes. 
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Figure 8-6 Variation of residence time in the sorbent bed as a function of temperature 
8.3.2 Leaching tests 
In order to corroborate the possibility of a predominant chemical adsorption mechanism, each 
of the sorbents, after exposure to cadmium vapour (§ 8.3.1) at 350 and 600°C, were subjected 
to leaching tests according to the procedure presented in section 8.2.5. The aim was to assess 
the strength of the adhesion between the captured cadmium and the sorbent matrix, in order to 
provide some insight into the capture mechanism involved. Complete extraction of all the 
cadmium captured from the sorbent by distilled water would suggest physical or weak 
chemical adsorption. The need for of an acidic solution to extract the captured cadmium on 
the other hand would suggest the presence of stronger adhesion or bonding, and thus capture 
by a chemical adsorption mechanism. 
After each cadmium capture experiment (cf. § 8.3.1), the recovered sorbent, contaminated 
with cadmium, was tested for leachability as follows: two aliquots of 100 mg each of the 
sorbent were leached in distilled water, ph - 7, and two other aliquots were leached in acidic 
solutions (distilled water mixed with acetic acid, ph = 3). 
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Figure 8-7 shows the fraction of the total amount of cadmium on the sorbent exposed at 
350°C and 600°C which was extracted into each leachate. The distilled water leachate is 
labelled as "DW" and the distilled water mixed with acetic acid leachate is labelled as 
"DW+AA". Detailed information on the leaching tests performed can also be found in 
appendix E (§ E. 4). 
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Figure 8-7 fraction of cadmium leached from each sorbent by the two leachates. 
From Figure 8-7, it is apparent that only very small amounts [less than 2%] of the cadmium 
retained by the sorbents at 350°C could be leached by distilled water. Furthermore, if the 
capture temperature was increased to 600°C, nothing measurable was leached by the distilled 
water (DW). This reinforces the view that chemical interactions between the cadmium and the 
sorbent matrix are taking place. 
As expected, when the stronger acidic leachate was used more cadmium got extracted, with 
the coal gasification ash appearing to have weaker bonding between the adsorbed cadmium 
and the sorbent matrix than for meta-kaolinite. In addition, the fact that less cadmium could 
be leached by the acidic solution from all three sorbents after exposure to cadmium at 600°C, 
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suggests that cadmium can form different adsorbed complexes with the sorbent, depending on 
the exposure temperature. Such different complexes might be expected to exhibit variation in 
bond strength, hence resistance to acid leaching. In a previous study, kaolinite and bauxite 
were exposed to cadmium chloride (CdCl2) at NOT [49]. The work was carried out in a 
modified TGA balance in which the kaolinite and bauxite samples were exposed to cadmium 
vapour until no further mass change was observed (up to 30 hrs). XRD analyses of the 
exposed samples have identified the presence of cadmium aluminium silicate compounds 
which were also found to be water insoluble: CdAl2Si2O8 for the kaolinite and CdA12O4 for 
the bauxite. 
As mentioned previously, XRF and EDX analyses of the fly ashes and the meta-kaolinite 
tested in the present study had a similar chemical composition, being mainly aluminium 
silicate (A1203, Si02). This chemical composition is also very close to those of kaolinite and 
bauxite i. e quartz, aluminium oxide and iron oxide [49]. In addition, according to the Perry's 
Chemical Handbook [79], cadmium, cadmium oxide, cadmium sulphide and cadmium 
chloride species are very soluble in acid. Following these considerations, it can be suggested 
that the elemental cadmium was not physically adsorbed and did not form any of the cadmium 
species listed above, since they would have been extracted by the acidic solution over the 16 
hours of leaching. Although the low concentration of cadmium present in the sorbents after 
adsorption did not allow identification of the captured species via XRD or SEM, there are 
possibilities that the cadmium vapours have reacted with the aluminium silicate (the major 
coumpounds present in the sorbent matrix). 
1.4 Conclusion 
The testing of the coal combustion and gasification fly ashes has shown that both exhibit high 
capture efficiency for cadmium vapour which does not drop significantly when the capture 
temperature is increased from 350°C to 600°C. The cadmium removal potential of these ashes 
was also comparable to meta-kaolinite, an alumium-silicate based sorbent basically similar to 
the ashes in terms of chemical composition. Meta-kaolinite had been identified as having 
good capabilities for cadmium removal in previous studies [49,57]. Due to the high 
temperature of the tests, these results suggest that the capture of cadmium is likely to involve 
some sort of chemical interaction. Leaching tests also corroborated this idea since only very 
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small amounts of the cadmium captured could be extracted by distilled water and acidic 
solution. It is likely that the cadmium vapour Cd<g> could be adsorbed onto the fly ash 
matrix via the formation of various cadmium aluminium silicate complexes; the leaching 
resistance of which would depend on the capture temperature. 
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Summary 
Experimental: 
A novel reactor has been designed, constructed, commissioned and used to investigate trace 
element capture on selected sorbents and to study mechanisms involved in the capture of trace 
elements from the hot raw product gas of an IGCC power plant. The "mark I" version of the 
gas clean-up reactor was made of borosilicate glass to avoid contamination, and to ensure that 
no trace element is introduced by leaching from the apparatus itself. This material also makes 
possible the use of acid solutions for cleaning the reactor. 
The gas-cleanup reactor comprises two main stages. The first section is designed to produce 
the trace element vapours, by heating a solid source in a hot dry gas stream, heated by an 
external furnace. The trace element bearing gas mixture is then entrained downwards toward 
the second stage of the reactor through a diffuser. The second stage of the reactor is so 
designed to pass all trace element-bearing gas through the test sorbent, configured as a packed 
bed. No gas must by-pass the fixed-sorbent-bed or form deposits on reactor walls. The local 
temperature of each stage is measured by a thermocouple introduced within a glass sleeve. 
This design aims to avoid contamination by contact with the sample. A "mark II" version of 
the trace element capture reactor with a similar design was made of silica glass ("quartz"), 
allowing operation at temperatures up to 1000°C. 
Both reactors have been successfully commissioned and used with good repeatability to study 
arsenic, mercury and cadmium removal using sorbents heated to temperatures up to 600 T. 
Pyrolysed and activated chars have been produced from scrap tyre rubber and sewage sludge 
samples and tested for their trace metal capture potential. Their performance has been 
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compared with a commercial activated carbon (Norit Darco "Hg") with well established 
properties as a mercury sorbent in pulverised coal fired power plant. Fly ashes collected from 
combustion and gasification power plants and a meta-kaolinite sample have also been studied 
as potential cheap sorbents for capturing trace elements from raw product gas. 
In the case of the carbon sorbents (Norit Darco "Hg", the pyrolysed scrap tyre and the 
activated scrap tyre), the results suggest a combination of physical and chemical adsorption 
mechanisms for arsenic. The arsenic species are captured predominantly by physical 
adsorption at 200°C, with the sorbent surface area playing a major role. As the sorbent 
temperature is further increased, a transition to chemical adsorption is then likely to occur, 
probably via the formation of solid calcium- or iron-arsenates. The pyrolysed and activated 
scrap tyre carbons were not the most effective sorbents for capturing mercury, despite 
containing more sulphur than the other samples. Most of the sulphur in the scrap tyre derived 
carbons was present as stable wurtzite. The chlorine concentration of the pyrolysed scrap tyre 
rubber was significantly reduced by subsequent activation, and the activated form was 
noticeably less effective than the pyrolysis char in capturing arsenic and mercury at the 
highest temperatures tested (400°C for arsenic and NOT for mercury). 
The current work has also shown that if the active carbon Norit Darco "Hg" and the activated 
scrap tyre rubber, were exposed to HCl gas before the exposure to mercury vapour, the Hg- 
capture performance would be further increased. This suggests that in addition to their high 
carbon content and surface area, active carbons became more efficient for Hg-capture under 
real plant conditions, following the adsorption of HCl gas and the creation of Cl-active sites. 
Theoretical analysis of the adsorption of mercury at 150°C on the pyrolysed sewage sludge 
indicated that the mechanism was "absorption rate controlled". The mass transfer coefficient 
was seven orders of magnitude higher than the reaction rate coefficient, thus suggesting 
negligible diffusion resistance in the external film. Similarly, the diffusion of mercury vapour 
inside the pores of the sorbent particles was found to be relatively rapid, suggesting that the 
adsorption of mercury onto the active sites would be the limiting factor. 
Meta-kaolinite and coal fly ashes have shown good performance in capturing arsenic and 
cadmium, despite having very low surface areas and unfavourable mass transfer conditions 
during experiments. Furthermore, the high temperature at which they have been tested, up to 
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400°C for arsenic and 600°C for cadmium, suggest a predominantly chemical adsorption 
mechanism. This conclusion is reinforced by the observation that these sorbent were only 
20% less effective than the carbons sorbents in capturing arsenic at 200°C, whilst their high 
capture efficiency (>80%) for cadmium did not drop significantly when the capture 
temperature was increased from 350°C to 600°C. Furthermore, the leaching tests on the meta- 
kaolinite and the fly ashes after exposure to cadmium vapour at 350°C and 600°C 
corroborated the presence of strong bonds between the cadmium and the sorbent matrix. Only 
very small amounts of the captured cadmium could be extracted by distilled water or a mildly 
acidic solution. 
The exact nature of the arsenic and cadmium complexes formed on the surfaces of the 
sorbents could not be identified, because the concentrations of arsenic and cadmium adsorbed 
on the sorbents were far below the detection limit of the equipment available [XRD, SEM- 
EDX]. However, the chemical composition of the meta-kaolinite and the fly ashes is similar, 
since they are predominantly aluminium-silicate based sorbents with proportions of other 
elements, such as calcium and iron. In the light of past studies, it is possible that the calcium 
and iron present in the mineral matter of the fly ash, and the aluminium oxide present in the 
meta-kaolinite, may be responsible for the chemical adsorption of arsenic. Similarly, the 
cadmium vapour Cd<g> could be adsorbed onto the sorbent matrix via the formation of 
various cadmium aluminium silicate complexes. The leaching tests revealed a dependence on 
capture temperature, suggesting that resistance of the chemical bonds formed increased with 
increasing the capture temperature. 
Thermodynamic equilibrium modelling: 
Information on the concentration and eventual speciation of trace elements in the raw gas 
from gasification power plants is necessary for the development of appropriate control 
systems. In the case of IGCC plants, however, the high operating pressures makes the 
collection of data on trace element concentrations of product gases and other exit streams 
difficult. As a result, only limited amounts of plant data are available. Thermodynamic 
equilibrium modelling calculations can, to some degree, compensate for this shortage by 
providing useful information on the speciation and partitioning of trace elements during the 
cooling process of the raw gas from the IGCC gasifier. 
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When thermodynamic equilibrium modelling, using MTDATA software, was applied to the 
cooling of IGCC raw gas, erroneous predictions were obtained for the composition of the 
main gas stream. The model predicts a shift from the initially reducing [CO, H2 rich] 
atmosphere at 1000°C to an oxidising [C02, H2O rich] atmosphere as the gas cools down to 
100°C. However, this shift, which would have major implications for the phase behaviour of 
many trace elements, does not occur in practice, due to kinetic constraints. The whole cooling 
process is completed in a matter of a few seconds so that the initially reducing gas 
composition is virtually frozen by kinetic limitations. This simulation problem was overcome 
by manipulating the gas compositional input so as to constrain MTDATA to keep the major 
gas composition approximately constant as the temperature was decreased. 
The model was then used to predict trace element partitioning during the gas clean-up stage at 
the Puertollano IGCC power plant, using their actual operating conditions and fuel blend 
composition. According to the calculations, only boron, mercury and selenium are likely to be 
highly volatile and remain in the gas phase, even after the particulate removal system (Candle 
filters) which is operated at 230 °C. The major portion of the arsenic is predicted to interact 
with nickel and start condensing within the system at high temperature (800 °C), e. g. onto ash 
particles or stainless steel walls, as nickel arsenide. However, the concentration of nickel in 
the raw gas from Puertollano is particularly high due to the use of petroleum coke as fuel. It 
must be emphasized that if coal alone were gasified, the nickel content would have been much 
lower, so that arsenic is predicted to be more volatile and could remain in the gas phase at 
temperatures as low as 200 °C. 
This study has suggested that the preferential formation of lead sulphide species, or lead 
chloride species, with the latter being more volatile, depends on the 1-12S<9> or HCl <g> 
content in the gaseous environment. In the case of the Puertollano plant, most of the trace 
elements are predicted to be stable in the gas phase above 400°C as elemental or chloride 
species, due to the relatively high chlorine content in the fuel blend used. Below this 
temperature, all the trace elements apart from mercury, selenium and boron are predicted to 
condense within the system, generally as oxide, carbonate or sulphate species. 
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Conclusions 
Experimental: 
The new gas clean-up reactor has been designed specifically for the study of the trace element 
capture mechanisms from hot raw gas by a sorbent packed bed, as a function of temperature. 
The reactor enables the vaporisation, in a hot dry gas, of a known amount of trace element 
which is conveyed downwards, without by-pass, to the tested sorbent. In the present work, the 
reactor has been used for the study of mercury, arsenic and cadmium removal and into fixed- 
beds of selected sorbents. The new design was capable of good repeatability, absence of 
leakage and contamination. 
The study has shown that char or active carbons produced from waste material such as sewage 
sludge or scrap tyre rubber could be effective in capturing trace elements from the raw 
product gas from IGCC plants. Over a range of temperatures, the chemical composition of the 
sorbents was found to play an important role. The activation of the pyrolysed char caused 
significant reductions in the chlorine content of the sorbent, causing a drop in mercury 
capture ability at the highest temperature. Despite having much higher sulphur contents than 
the pyrolysed sewage sludge, the pyrolysed and activated scrap tyre chars were not the most 
effective sorbent in capturing mercury. After activation, much of the sulphur content, 
considered to promote mercury capture, was observed to be chemically bound to Zn, in the 
form of unreactive wurtzite (ZnS). 
Arsenic and cadmium were effectively removed from the gas stream by meta-kaolinite and fly 
ashes; these are predominantly aluminium-silicate based sorbents. Despite the low surface 
areas and unfavourable conditions for rapid mass transfer, the observed high levels of Hg 
adsorption at the highest temperatures tested, suggested a chemical adsorption mechanism. 
Furthermore, negligible amount of the cadmium captured by the fly ashes and meta-kaolinite 
was extracted during the leaching tests using an acidic solution. The leaching resistance of the 
retained cadmium was found to be stronger as the capture temperature increased. Having 
more robust chemical bonds formed between the trace element and the sorbent appears to 
suppress eventual release of Hg, once the spent sorbent is committed to disposal by landfill. 
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It must be noted that the physical properties of the carbon based sorbent, such as surface area 
and porosity are important parameters. When a sorbent is tested under real plant conditions, 
acid gases will undoubtedly be adsorbed onto the surface to form the carbon-sulphur or 
carbon-chlorine active sites essential for mercury capture. Because of their initial exposure to 
acid gases in the combustion plant, the recycled fly ashes were found to be the most effective 
sorbents for capturing mercury over the full temperature range tested. Furthermore, exposing 
the active carbon Norit Darco "Hg" and also the activated scrap tyre rubber to HCl gas before 
the exposure to mercury vapour, was found to further improve their performance. However, 
compared to activated carbon, the carbon content and surface areas of fly ashes are very low, 
so that the number of active site available on their surface is likely to be far less, suggesting 
that the saturation of their retention capacities could be reached more rapidly. 
Thermodynamic Equilibrium modelling: 
Thermodynamic equilibrium modelling, using the MTDATA software, applied to the cooling 
of the Puertollano IGCC plant raw gas, suggested that most of the trace element inventory of 
the fuel blend will have been removed from the gas by the time it had reached the candle 
filters. Arsenic is predicted to condense at the highest temperature, as nickel arsenide, onto the 
ash deposit in the evaporator sections or onto the stainless steel walls itself. Below 400°C, 
most of the trace elements will condense as oxide, sulphate or carbonate species onto the 
system or the fly ashes collected by the filters. Furthermore, the final low temperature acid 
gas treatment unit (with scrubbing solutions at 40°C) is then expected to remove the most 
volatile trace elements (Hg, Se, B). However, future generations of IGCC would be expected 
to clean the raw gas at higher temperature, in order to increase the thermodynamic efficiency 
of the gasification cycle; temperatures in the region of 400-500°C might be the desired target. 
The control of trace elements under these conditions will obviously become more 
problematic, since several more elements would remain, at least partially, in the gas phase and 
could present operational problems environmental hazards, if not removed from the product 
gas. 
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Recommendations for Future Work 
Several future steps might usefully be followed to further develop the potential use of these 
trace element sorbents. First, it would be useful to compare the maximum retention capacities 
(i. e. by generating break-through curves) of trace elements over fly ashes and pyrolysed 
char/active carbons produced from scrap tyre rubber or sewage sludge. Although the fly ashes 
have shown high mercury capture efficiencies, at up to 200°C, comparable to those of 
commercial active carbons under the current test conditions, there is a strong possibility that 
their lower carbon content and surface area will limit the maximum period they could be used 
on line in an actual power plant, in the form of fixed beds. It would thus be useful to expose 
these sorbents to a much higher trace element concentration in the gas stream, and for a longer 
time, to gain insight into their saturation limits. 
It would also be interesting to investigate further the role of acid gases in promoting trace 
element capture by the formation of new active sites on sorbent surfaces. Such experiments 
could be conducted in two stages. First, the fly ashes and carbon based sorbents could be 
exposed to trace element vapours in an inert atmosphere until their maximum retention 
capacities are reached. Second, the sorbents could be re-exposed to trace element vapours in 
the presence of HCl or H2S to determine how much more trace element can be captured. A 
study of how acid gas concentrations and gas superficial velocities influence the formation of 
the active sites, and therefore trace element capture potential, would also be beneficial. 
The present study has shown that at high temperatures, trace elements are captured mainly 
through chemical interactions with the sorbents. The trace element concentrations in the gas 
stream used in the present study were chosen to be as close as possible to actual IGCC power 
plants conditions. These concentrations are too low to permit the use of X-ray Diffraction 
(XRD), XRF or Scanning Electron Microscopy (SEM-EDX) to gain information on the nature 
of species formed following adsorption. The amounts of trace elements retained on the 
sorbent surface are simply too small. Therefore, exposure of sorbents to higher trace element 
concentrations in the gas, and for longer time periods, could increase final trace element 
loadings on the sorbents to a point where they become measurable by XRD or SEM. 
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Novel Sorbent Reactor 
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Figure Al Illustration of the trace element vapour generation stage of the reactor. 0 main body, 0 
thermocouple glass well. 
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Figure A2 Illustration of the retention stage of the reactor. 0 main body, 0 thermocouple glass well, 
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Quartz Reactor 
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Figure B1 Illustration of the trace element vapour generation stage of the quartz reactor. 
0 main body, 0 thermocouple glass well. 
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Study of Arsenic 
Sections C. l to C. 6 give detailed information on the study of arsenic for each of the sorbents 
tested. This includes the ICP-AES or ICP-MS analysis results for the initial content of arsenic 
in the sorbents, as well as measurement of the arsenic concentration of sorbents after exposure 
to arsenic vapour. The Dilution Factor resulting from the digestion procedure, as well as the 
mercury concentration in the liquid and solid samples, are provided in addition to the relative 
standard deviation of the ICP analyses. 
The capture efficiencies calculated from the difference between the amount of arsenic 
vaporised and that. retained by the sorbent, at both 200 and 400°C, are also presented. 
Finally, section C. 7 provides information on the residence time and interstitial velocities in 
the sorbent bed as a function of temperature, according to the properties of the sorbent tested 
(bed voidage, bed height). 
C. 1 Study of Norit Darco "Hg" 
Table C. 1: Initial arsenic content in the Norit Darco "Hg" 
Ref. Sample sample 
Dilution Concentrations RSD (%) Concentration 
mass (mg) Factor (µg. 1-') (mg. kg') 
6 NORIT Darco 253.3 1974 0.456 2.3 0.90 
7 NORIT Darco 249.4 2005 0.457 1.96 0.92 
a: analysed with ICP-MS average 0.91 
STDEV 0.01 
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Table C. 2: Arsenic capture efficiencies of Norit Darco "Hg" at 200 and 400°C 
Ref. Sample Temperature Sorbent 
mass (mg) 
Amount 
vaporised (µg) 
Amount 
captured (µg) 
Capture 
efficiency (%) 
1 Norit Darco 200°C 503.5 1420 1010 71% 
2 Norit Darco 200°C 459.8 1010 703 70% 
3 Norit Darco 200°C 504.1 707 525 74% 
average 72% 
STDEV 2% 
4 Norit Darco 400°C 503.2 1657 1278 77% 
5 Norit Darco 400°C 509.0 1601 1241 77% 
average 77% 
STDEV 0% 
Table C. 3: ICP-MS and ICP-AES analyses of Norit Darco "Hg" 
Ref. Sample sample 
mass (mg) 
Dilution 
Factor 
Concentrations 
(µg. 1"') 
RSD (%) Concentration 
(mg. kg-') 
Difference with 
certified value 
NIST 1633b 251.4 1989 63.95 1.2 127 -7% 
NIST 1633b 261.6 1911 65.91 0.7 126 -8% 
1 Sorbent Bed (partl) 247.7 4037 483.79 0.4 1953 
Sorbent Bed (part2) 213.5 2342 878.76 0.7 2058 
average 2006 
2 Sorbent Bed (part 1) 246.6 2028 773.07 1.6 1567 
Sorbent Bed (part2) 213.2 2345 634.68 0.6 1488 
average 1528 
sample Dilution Concentration'' RSD (%) Concentration Difference with Ref. Sample 
mass (mg) Factor (mg. l-) (mg. kg"') certified value 
NIST 1633b 253.6 394 0.33 7.5 130 -4% 
NIST 1633b 251.2 398 0.35 4.7 139 2% 
4 Sorbent bed (Part 1) 258.0 388 6.39 0.6 2475 
Sorbent bed (Part 2) 205.6 486 5.35 0.6 2604 
average 2539 
NIST 1633b 250.7 399 0.32 3.7 128 -6% 
NIST 1633b 251.0 398 0.33 3.3 130 -4% 
3 Sorbent bed (Part 1) 246.3 406 2.52 1.2 1024 
Sorbent bed (Part 2) 208.3 480 2.21 1.8 1060 
average 1042 
NIST 1633b 250.6 399 0.31 4.8 124 -9% 
NIST 1633b 255.8 391 0.33 7.0 127 -6% 
5 Sorbent bed (Part 1) 241.9 413 4.87 0.3 2013 
Sorbent bed (Part 2) 221.7 451 6.35 1.5 2862 
average 2438 
a: analysed with ICP-MS 
b: analysed with ICP-AES 
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C. 2 Study of Meta-kaolinite 
Table C. 4: Initial arsenic content in the meta-kaolinite 
Ref. Sample sample Dilution Concentrations RSD (%) Concentration 
mass (mg) Factor (µg. 1-) (mg. kg-') 
5 Meta-kaolinite 253.2 1975 7.20 1.01 14.22 
6 Meta-kaolinite 256.8 1947 7.35 0.24 14.31 
a: analysed with ICP-MS average 14.27 
STDEV 0.06 
Table C. 5: Arsenic capture efficiencies of meta-kaolinite at 200 and 400°C 
Ref. Sample Temperature Sorbent Amount Amount Capture 
mass (mg) vaporised (µg) captured (µg) efficiency (%) 
1 Kaolinite 200°C 504.9 2080 1271 61% 
2 Kaolinite 200°C 507.1 1200 683 57% 
average 59% 
STEV 3% 
3 Kaolinite 400°C 502.8 975 433 44% 
4 Kaolinite 400°C 509.5 2242 923 41% 
average 43% 
STEV 2% 
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Table C. 6: ICP-MS and ICP-AES analyses of meta-kaolinite 
Ref. Sample sample Dilution Concentrations RSD (%) Concentration Difference with 
mass (mg) Factor (µ&. l-') (mg kg"') certified value 
NIST 1633b 251.4 1989 63.95 1.2 127 -71,6 NIST 1633b 261.6 1911 65.91 0.7 126 -8% 
1 Sorbent Bed (partl) 254.2 3934 668.62 1.0 2630 
Sorbent Bed (part2) 238.9 4186 574.27 1.2 2404 
average 2517 
NIST 1633b 251.3 1990 62.71 0.8 125 -8% 
NIST 1633b 253.9 1969 63.48 1.1 125 -8% 
2 Sorbent Bed (partl) 258 1938 595.13 1.0 1153 
Sorbent Bed (part2) 238.9 2093 735.19 0.5 1539 
average 1346 
Ref. Sample sample Dilution Concentrationb RSD (%) Concentration Difference with 
mass (mg) Factor (mg. l"') (mg. kg"') certified value 
NIST 1633b 253.6 394 0.330 7.5 130 -4% 
NIST 1633b 251.2 398 0.348 4.7 139 2% 
3 Sorbent Bed (partl) 254.2 393 2.135 1.9 840 
Sorbent Bed (part2) 241.8 414 2.133 1.3 882 
average 861 
4 Sorbent Bed (partl) 279.6 358 4.962 1.9 1775 
Sorbent Bed (part2) 219.9 455 4.068 0.1 1850 
average 1812 
a: analysed with ICP-MS 
b: analysed with ICP-AES 
C. 3 Study of Combustion fly ash A 
Table C. 7: Initial arsenic content in the combustion fly ash A 
sample Dilution Concentrationa RSD (%) Concentration Ref. Sample 
mass (mg) Factor (µg. 1-1) (mg. kg') 
5 Fly ash A 166.9 2996 19.69 0.5 58.98 
6 Fly ash A 154.7 3232 18.01 0.9 58.22 
a: analysed with ICP-MS average 58.60 
STDEV 0.54 
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Table C. 8: Arsenic capture efficiencies the combustion fly ash A at 200 and 400°C 
Ref. Sample Temperature 
Sorbent Amount Amount Capture 
mass (mg) vaporised (µg) captured (µg) efficiency (%) 
1 Combustion Fly ash A 200°C 521.9 1580 905 57% 
2 Combustion Fly ash A 200°C 504.3 858 432 50% 
average 54% 
STDEV 5% 
3 Combustion Fly ash A 400°C 507.7 1562 369 24% 
4 Combustion Fly ash A 400°C 502.1 2504 371 15% 
average 
STDEV 
19% 
6% 
Table C. 9: ICP-MS and ICP-AES analyses of the combustion fly ash A 
sample Dilution Concentrations RSD (%) Concentration Difference with Ref. Sample 
mass (mg) Factor (µg. 1-') (mg. kg-') certified value 
NIST 1633b 251.3 1990 62.71 0.8 125 -8% 
NIST 1633b 253.9 1969 63.48 1.1 125 -8% 
1 Sorbent Bed (part 1) 253.6 1972 876.13 0.3 1727 
Sorbent Bed (part2) 234.6 2131 816.86 1.2 1741 
averaize 1734 
sample Dilution Concentration RSD (%) Concentration Difference with Ref. Sample 
mass (mg) Factor (mg. l) (mg. kg) certified value 
NIST 1633b 253.6 394 0.330 7.5 130 -4% 
NIST 1633b 251.2 398 0.348 4.7 139 2% 
2 Sorbent Bed (part 1) 260.7 384 2.298 0.3 881 
Sorbent Bed (part2) 213.5 468 1.779 1.4 833 
average 857 
3 Sorbent Bed (partl) 250.3 400 1.798 3.2 718 
Sorbent Bed (part2) 215.3 464 1.579 2.4 733 
average 726 
4 Sorbent Bed (partl) 261.1 383 1.909 1.2 731 
Sorbent Bed (part2) 201.1 497 1.498 1.1 745 
average 738 
a: analysed with ICP-MS 
b: analysed with ICP-AES 
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C. 4 Study of Combustion fly ash B 
Table C. 10: Initial arsenic content in combustion fly ash B 
Ref. Sample sample Dilution Concentrationa RSD (%) Concentration 
mass (mg) Factor (Mg., -') (mg. kg-1) 
5 Fly ash A 254.3 393 0.307 2.5 120.72 
6 Fly ash A 281.3 355 0.360 4.8 127.98 
a: analysed with ICP-AES average 124.35 
STDEV 5.13 
Table C. 11: Arsenic capture efficiencies of the combustion fly ash B at 200 and 400°C 
Ref. Sample Temperature 
Sorbent 
mass (mg) 
Amount 
vaporised (µg) 
Amount 
captured (µg) 
Capture 
efficiency (%) 
1 Combustion Fly ash B 200°C 516.6 959.2 522 54% 
2 Combustion Fly ash B 200°C 507.9 855.3 496 58% 
average 56% 
STDEV 3% 
3 Combustion Fly ash B 400°C 501.2 1223.8 489 40% 
4 Combustion Fly ash B 400°C 507.8 1404.6 508 36% 
average 38% 
STDEV 3% 
Table C. 12: ICP-MS and ICP-AES analyses of the combustion fly ash B 
Ref. Sample sample 
mass (mg) 
Dilution 
Factor 
Concentrations 
(mg. fi) 
RSD (%) Concentration 
(mg. kg) 
Difference with 
certified value 
NIST 1633b 253.1 395 0.325 4.1 128 -6% 
NIST 1633b 281.0 356 0.343 9.8 122 -10% 
I Sorbent Bed (partl) 269.6 371 2.593 2.3 962 
Sorbent Bed (part2) 197.8 506 2.097 2.0 1060 
average 1011 
2 Sorbent Bed (part 1) 247.6 404 2.394 0.9 967 
Sorbent Bed (part2) 216.9 461 2.139 1.9 986 
average 977 
3 Sorbent Bed (partl) 250.4 399 1.885 1.9 753 
Sorbent Bed (part2) 219.7 455 1.833 1.5 834 
average 794 
4 Sorbent Bed (partl) 239.5 418 2.379 4.0 993 
Sorbent Bed (part2) 233.7 428 2.356 4.1 1008 
averaize 1001 
a: analysed with ICP-AES 
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C. 5 Study of Pyrolysed scrap tyre 
Table C. 13: Initial arsenic content in the pyrolysed scrap tyre 
Ref. Sample sample Dilution Concentrationa RSD (%) Concentration 
mass (mg) Factor (n. l-) (mg. kg-') 
5 Pyrolysed scrap tyre 250.4 1997 0.271 1.9 0.54 
6 Pyrolysed scrap tyre 251.9 1985 0.317 2.3 0.63 
a: analysed with ICP-MS average 0.59 
STDEV 0.06 
Table C. 14: Arsenic capture efficiencies of the pyrolysed scrap tyre at 200 and 400°C 
Ref. Sample Temperature Sorbent 
mass (mg) 
Amount 
vaporised (µg) 
Amount 
captured (µg) 
Capture 
efficiency (%) 
1 Pyrolysed scrap tyre 200°C 507.7 1052.9 602 57% 
2 Pyrolysed scrap tyre 200°C 505.3 1610.1 710 44% 
average 51% 
STDEV 9% 
3 Pyrolysed scrap tyre 400°C 504.1 2795.6 1615 58% 
4 Pyrolysed scrap tyre 400°C 507.1 1734.8 837 48% 
average 53% 
STDEV 7% 
Table C. 15: ICP-MS and ICP-AES analyses of the pyrolysed scrap tyre 
Ref. Sample sample 
mass (mg) 
Dilution 
Factor 
Concentrations 
(mg. l"1) 
RSD (/o o) 
Concentration 
(mg. kg-1) 
Difference with 
certified value 
NIST 1633b 253.6 394 0.330 7.5 130 -4% 
NIST 1633b 251.2 398 0.348 4.7 139 2% 
1 Sorbent Bed (part 1) 248.3 403 2.907 1.3 1171 
Sorbent Bed (part2) 252.1 397 3.024 0.7 1200 
average 1185 
2 Sorbent Bed (partl) 257.9 388 3.555 0.6 1378 
Sorbent Bed (part2) 239.2 418 3.425 1.0 1432 
average 1405 
3 Sorbent Bed (partl) 246.8 405 7.767 1.1 3147 
Sorbent Bed (part2) 243 412 7.919 2.6 3259 
average 3203 
NIST 1633b 250.6 399 0.310 4.8 124 -9% 
NIST 1633b 255.8 391 0.326 7.0 127 -6% 
4 Sorbent Bed (part 1) 243.6 411 3.980 0.7 1634 
Sorbent Bed (part2) 245.3 408 4.086 1.8 1666 
average 1650 
a: analysed with ICP-AES 
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C. 6 Study of Activated scrap tyre 
Table C. 16: Initial arsenic content in the activated scrap tyre 
Ref. Sample sample Dilution Concentrationa RSD o (/o) Concentration 
mass (mg) Factor (Mg., -') (mg. kg-1) 
5 Activated scrap tyre 254.3 393 0.000 562.3 0 
6 Activated scrap tyre 253.9 394 0.000 747.0 0 
a: analysed with ICP-AES average 0.00 
STDEV 0.00 
Table C. 17: Arsenic capture efficiencies of the activated scrap tyre at 200 and 400°C 
Ref. Sample Temperature Sorbent Amount Amount Capture 
mass (mg) vaporised (µg) captured (µg) efficiency (%) 
1 Activated scrap tyre 200°C 512.2 816.7 626 77% 
2 Activated scrap tyre 200°C 502.8 1013.3 805 79% 
average 78% 
STDEV 2% 
3 Activated scrap tyre 400°C 500.2 1490.3 516 35% 
4 Activated scrap tyre 400°C 507.4 1075.7 460 43% 
average 39% 
STDEV 6% 
Table C. 1 8: ICP-MS and ICP-AES analyses of the activated scrap tyre 
sample Dilution Concentrations RSD (%) Concentration Difference with Ref. Sample 
mass (mg) Factor (Mg., -') (mg. kg') certified value 
NIST 1633b 253.6 394 0.330 7.5 130 -4% 
NIST 1633b 251.2 398 0.348 4.7 139 2% 
1 Sorbent Bed (partl) 250.3 400 3.001 1.6 1199 
Sorbent Bed (part2) 253.5 394 3.160 0.5 1247 
average 1223 
3 Sorbent Bed (part 1) 251.2 398 2.623 0.7 1044 
Sorbent Bed (part2) 236.8 422 2.413 1.1 1019 
average 1032 
NIST 1633b 250.7 399 0.322 3.7 128 -6% 
NIST 1633b 251.0 398 0.327 3.3 130 -4% 
4 Sorbent Bed (part 1) 261.2 383 2.383 0.7 912 
Sorbent Bed (part2) 234.7 426 2.117 1.2 902 
average 907 
NIST 1633b 250.6 399 0.310 4.8 124 -9% 
NIST 1633b 255.8 391 0.326 7.0 127 -6% 
2 Sorbent Bed (partl) 245.8 407 3.872 0.6 1575 
Sorbent Bed (part2) 241.3 414 3.921 0.6 1625 
average 1600 
a: analysed with ICP-AES 
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C. 7 Residence time calculation for each sorbent bed according to 
temperature 
Table C. 19: Variation of the residence time in the sorbent bed as a function of temperature 
QN2 NTP 40 (ml. min') 
A2nd stage 3.14E-04 m2 
c L (mm) 
Test temperature = 200°C 
Q (ml. min-1) US (mm. s-') Ua (MM. s-') Res time (s) 
Norit Darco Hg 0.52 6 65 3.4 6.6 0.91 
Meta-kaolinite 0.38 5 65 3.4 9.0 0.55 
Combustion fly ash A 0.38 4 65 3.4 9.0 0.44 
Combustion fly ash B 0.50 4 65 3.4 6.9 0.58 
Pyrolysed scrap tyre 0.50 7 65 3.4 6.9 1.02 
Activated scrap tyre 0.48 7 65 3.4 7.1 0.98 
E L (mm) 
Test temp 
Q (ml-min-1) 
erature = 400°C 
Us (mm. s-') Ua (mm. s"') Res time (s) 
Norit Darco Hg 0.52 6 92 4.9 9.4 0.64 
Meta-kaolinite 0.38 5 92 4.9 12.8 0.39 
Combustion fly ash A 0.38 4 92 4.9 12.8 0.31 
Combustion fly ash B 0.50 4 92 4.9 9.8 0.41 
Pyrolysed scrap tyre 0.50 7 92 4.9 9.8 0.72 
Activated scrap tvre 0.48 7 92 4.9 10.2 0.69 
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Study of Mercury 
D. 1 Study of the mercury capture efficiency of the sorbents 
Tables DI to D5 give the calculated capture efficiencies and the mass balances of each 
experiment where the sorbents were tested for their mercury capture as a function of 
temperature. 
All the experiments were performed under the same flow rate (40 ml. min 1 NTP) and mercury 
concentration in the gas phase (100 ng. 1-1). The total amount of mercury sent to the sorbent 
bed was therefore constant during each one hour experiment, being of the order of 240 ng. 
The mass balances have been determined after measurement of the amounts of mercury 
retained in the sorbent bed and in the amalgamator, according to the following equation: 
Mass balance difference 
[Hg retained in sorbent + Hg retained in ama lg amator j- 240 X 100 ifference 
240 
The differences observed in Tables DI to D5 for the mass balances were explained by the 
error caused by the inlet flow meter which was sometimes not stable at the required flow rate 
40 ml. min-1. Indeed as explained in section 7.3.1, the maximum fluctuation could be + 1.5 
ml. min 1 leading to an uncertainty of +9 ng in the total amount of mercury delivered in one 
hour (240 ng), hence a maximum error of nearly 4% in the mass balance. Having considered 
the fluctuation of the amount of mercury generated, the capture efficiencies were determined 
as follow: 
Capture efficiency (%) = 
Hg retained in sorbent] x 100 
Hg retained in sorbent]+ [Hg retained in ama lg amator 
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D. 1.1 Norit Darco "Hg" 
Table D1: Mercury capture efficiencies of the Norit Darco "Hg" at 100,150 and NOT 
Hg captured (ng) 
Temp (°C) Mass (mg) Amalgamator Sorbent Capture efficiency (%) mass balance diff. 
100 504.1 8 256 97% 10% 
100 497.0 0 265 100% 10% 
average 98% 
STDEV 2% 
150 501.0 126 110 47% -1% 
150 502.9 140 120 46% 8% 
average 46% 
STDEV 0% 
200 508.9 236 0 0% -2% 
200 502.0 225 11 5% -2% 
average 2% 
STDEV 3% 
D. 1.2 Study of the combustion fly ash B 
Table D2: Mercury capture efficiencies of the combustion fly ash B at 100,150 and NOT 
Hg captured (ng) 
Temp (°C) Mass (mg) Amalgamator Sorbent Capture efficiency (%) mass balance diff. 
100 502.8 0 223 100% -7% 
100 505.2 0 205 100% -14% 
average 100% 
STDEV 0% 
150 503.7 12 196 94% -13% 
150 500.2 5 217 98% -7% 
average 96% 
STDEV 2% 
200 513.9 45 188 81% -3% 
200 504.2 55 180 77% -2% 
average 79% 
STDEV 3% 
215 
Appendix D 
D. 1.3 Study of the pyrolysed scrap tyre 
Table D3: Mercury capture efficiencies of the pyrolysed scrap tyre at 100,150 and 200°C 
Hg captured (ng) 
Temp (°C) Mass (mg) Amalgamator Sorbent Capture efficiency (%) mass balance diff. 
100 457.1 21 246 92% 11% 
100 453.1 27 228 89% 6% 
average 91% 
STDEV 2% 
150 455.8 127 128 50% 6% 
150 455.8 132 96 42% -5% 
average 46% 
STDEV 6% 
200 450.4 207 32 13% 0% 
200 451.2 209 53 20% 9% 
average 17% 
STDEV 5% 
D. 1.4 Study of the activated scrap tyre 
Table D4: Mercury capture efficiencies of the activated scrap tyre at 100,150 and NOT 
Hg captured (ng) 
Temp (°C) Mass (mg) Amalgamator Sorbent Capture efficiency (%) mass balance diff. 
100 499.2 48 211 81% 8% 
100 498.3 39 236 86% 14% 
average 84% 
STDEV 3% 
150 500.0 176 84 32% 8% 
150 498.4 192 64 25% 7% 
average 29% 
STDEV 5% 
200 499.3 228 13 5% 0% 
200 502.1 224 10 4% -3% 
average 5% 
STDEV 1% 
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D. 1.5 Study of the pyrolysed sewage sludge 
Table D5: Mercury capture efficiencies of the pyrolysed sewage sludge at 100,150 and NOT 
Hg captured (ng) 
Temp (C) Mass (mg) Amalgamator Sorbent Capture efficiency (%) mass balance diff. 
100 499.9 0 235 100% -2% 
100 496.9 1 234 100% -2% 
average 100% 
STDEV 0% 
150 498.4 15 227 94% 1% 
150 499.8 20 209 91% -5% 
average 93% 
STDEV 2% 
200 506.9 72 163 69% -2% 
200 497.4 73 161 69% -3% 
average 69% 
STDEV 0% 
D. 1.6 Residence time calculations for each sorbent bed according to temperature 
Table D6: Variation of the residence time in the sorbent bed as a function of temperature. 
QN2 NTP 40 (ml. min-1) 
A2nd Stage 3.14E-04 m2 
c L (mm) 
Test temperature = 100°C 
Q (ml. min 1) US (mm. s-') Ua (mm. s-') Res time (s) 
Norit Darco Hg 0.52 6 51 2.7 5.2 1.15 
Combustion fly ash B 0.50 4 51 2.7 5.4 0.74 
Pyrolysed scrap tyre 0.50 7 51 2.7 5.4 1.30 
Activated scrap tyre 0.48 7 51 2.7 5.6 1.24 
Pyrolysed sewage sludge 0.53 4 51 2.7 5.1 0.78 
c L (mm) 
Test temp 
Q (ml. min-1) 
erature = 150°C 
US (mm. s-') Ua (mm. s-') Res time (s) 
Norit Darco Hg 0.52 6 58 3.1 5.9 1.02 
Combustion fly ash B 0.50 4 58 3.1 6.1 0.65 
Pyrolysed scrap tyre 0.50 7 58 3.1 6.1 1.14 
Activated scrap tyre 0.48 7 58 3.1 6.4 1.10 
Pyrolysed sewage sludge 0.53 4 58 3.1 5.8 0.69 
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L (mm) 
Test temperature = 200°C 
Q (ml. min-') US (mm. s-') Ua (MM. s-') Res time (s) 
Norit Darco Hg 0.52 6 65 3.4 6.6 0.91 
Combustion fly ash B 0.50 4 65 3.4 6.9 0.58 
Pyrolysed scrap tyre 0.50 7 65 3.4 6.9 1.02 
Activated scrap tyre 0.48 7 65 3.4 7.1 0.98 
Pyrolysed sewage sludge 0.53 4 65 3.4 6.5 0.62 
D. 2 Study of the effect of the interstitial velocity Ua on the performance of the 
pyrolysed sewage sludge for mercury capture. 
In this set of experiments, the mercury concentration in the gas stream and the test 
temperature were kept constant, with values of 64 ng. 1-1 and 150°C, respectively. The mass of 
pyrolysed sewage sludge tested each time was around 700 mg, which corresponded to a bed 
height of 7 mm. 
In order to study the effect of the interstitial velocity on the mercury capture efficiency of the 
pyrolysed sewage sludge, the inlet flow rate was varied from 40 ml. min-1 NTP, up to 130 
ml. min-1 NTP. Tables D. 7 presents the properties of the sewage sludge sorbent bed and gives 
the operating conditions. Table D. 8 provides information on the interstitial velocities and 
residence times corresponding to each flow rates studied. This Table also presents the capture 
efficiencies and mass balances calculated from the amount of mercury retained in the sorbent 
and the amalgamator. The capture efficiencies and mass balance for mercury have been 
determined in the same manner as in section D. 1. 
Table D. 7: Properties of the sewage sludge bed and the operating conditions of the study 
Pyrolysed sewage sludge bed properties 
Particle size (mm) 3 8-75 
Bed height (mm) 7 
Bulk density (g. cm 3) 0.457 
Envelop density (g. cm-3) 0.977 
Bed voidage 0.53 
Operating conditions 
Hg concentration (ng. L-1) 64 
Test temperature (°C) 150 
218 
A 
k 
.ý 
R+ 
ß{ 
d 
U 
U 
421 
U 
bQ 
G) 
blý 
cd 
a) 
a) 
O 
0) 
O 
a) U 
cd 
a) 
a) 
O 
U 
O 
a) 
r-, cd 
. r, 
4-1 
a) 
G) 
O 
SFr 
O 
00 
H 
a4 
a) 
cd 
U 
bA 
Üo0 
ct 
b 
cd 
oC 
RT Oc 
ýÜ C1 G1 
ý bA NN 
Uy 
blJ ýc 
xö 
kn O kr) 
IS I) 
0 
ö 
M bO 
M E 
kn kn 
NU 
cý N 
bb 
N 
00 00 
MM 
W1^1 W1^ 
kv 
N 
.E 
O 
ZEH z 
(A 6 cti OO 
0o 
CN 
O 
NO 
00 
v 
0W 
O 
O 
ef) 00 
O 
00 
r- O 
MM 
OO 
l- M 
N 
NN 
N 
t 
00 00 
00 00 
NN 
\Z \Z 
öö 
00 09 
CD ö 
00 00 
00 
o 
CD ö 
0 
r 
0o 
O ý' 
Qý 
O 
MO 
OO 
ýW 
ýQ 
0 0 0 0 0 0 0 
N M N M O rt 
- 
0\ \0 
1160, 
0 0 0 0 0 
ON1 00 
1, O 
00 
00 N 
00 
00 
N 
V N 00 
00 
yr -- N 
O 
Iýt 
N 
kn 
N 
00 
C 
ýlO 
v) 
N 
00 
M 
N 
M 
C 
00 
Ö 6 6 6 O O O O O O O 
00 
M N M M 
O 
M 
ýD 
M M 
os m 
ct C/ fC3 
ýC/--I 
M 
W) 
00 
N 
00 
(01) 
O 
Oý 
00 
N 
(11 
O 
- 
IýT 
I'D 
't 
M 
IZT 
M 
N 
fit' 
N 
N 
It 
C 
It 
C 
It 
C 
It 
O O O O O O O 
pý 
N 
Cý 
N 
00 00 N 
00 
N 
06 
N 
00 
00 00 O O O 
O 
M 
O 
M 
C 
V 
C 00 
00 
00 
00 
00 
00 
O O O O O O O 
Ol\ 
110 
Qý 
Iýc 
cl 
110 
O 
N 
O 
N 
O 
N 
C 
N 
N 
öö 
110 r- 
00 It 
It o 66 
, l) > ýW 
ýQ 
Appendix D 
D. 3 Study of the effect of the mercury concentration in the gas stream on the 
performance of the pyrolysed sewage sludge for mercury capture. 
The mercury capture efficiency of a bed of pyrolysed sewage sludge has been measued at 
three different mercury concentrations in the gas stream (30,64 and 100 ng. L"'). For each 
experiment, around 700 mg of pyrolysed sewage sludge were tested and the operating 
conditions listed in Table D. 9 were kept constant. 
For each concentration studied, the amount of mercury retained in the sorbent and the 
amalgamator can be found in Table D. 10. The calculated captures efficiencies and the mass 
balances obtained from these values are also given. 
Table D. 9: Properties of the sewage sludge bed and the operating conditions of the study 
Pyrolysed sewage sludge bed properties 
Particle size (mm) 3 8-75 
Bed height (mm) 7 
Bulk density (g. cm-3) 0.457 
Envelop density (g. cm-3) 0.977 
Bed voidage 0.53 
Operating conditions 
Test temperature (°C) 150 
QN2 NTP (ml. min') 130 
QN2 150°C (ml. min-) 188 
US (mm. s) 10 
Ua (mm. s ) 18.7 
Residence time (s) 0.4 
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Table D. 10: Study of the effect of the interstitial velocity on the performance of the pyrolysed sewage 
sludge for mercury capture at 150°C 
Hg captured (ng) 
Mass Hg conc. amount Hg captured by Capture mass balance 
(mg) (ng. 1-1) generated (ng) Amalgamator Sorbent sorbent (ng. mg-') efficiency diff. 
701.3 30 242 67 199 0.283 82% 10% 
703.1 30 242 93 163 0.232 67% 6% 
average 0.257 75% 
STDEV 0.036 10% 
708.6 64 499 238 310 0.438 62% 10% 
701.3 64 499 164 341 0.486 68% 1% 
average 0.462 65% 
STDEV 0.034 4% 
702.9 100 780 234 576 0.819 74% 4% 
718.9 100 780 254 534 0.743 69% 1% 
average 0.781 71% 
STDEV 0.054 4% 
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Study of Cadmium 
E. 1 Illustration of the quartz pan used in the cadmium study 
4,5 
section view 2 
o the pan section view of the basket 
top view of 
the pan top view of 
the basket 
0 
E. 2 Study of the cadmium capture efficiency of the sorbents 
Section E. 2.1 to E. 2.3 provide detailed information on the ICP-AES analysis conducted and 
the calculations of the capture efficiencies for the sorbents tested. 
In each section, three Tables are given, in order to link the results given in the Table to the 
corresponding experiment, they have been labelled as "Exp... ": 
The first Table gives the ICP-AES analyses for the measurement of the amount of cadmium in 
the acid wash for the recovery of the cadmium oxide, formed on each section of the reactor 
before it reached the sorbent bed. In this Table there is also the amount of cadmium remaining 
in the quartz pan dissolved in 10% nitric acid and analysed by ICP-AES. 
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The second Table gives the amount of cadmium retained by the sorbent. For each experiment, 
two sample masses of around 10 mg have been digested (analysis 1 and analysis 2) and the 
average value of the solid Cd concentration has then been taken for the calculation of the 
capture efficiency. 
In the last Table, calculations of the capture efficiencies of the sorbents tested at 350 and 
600°C can be found. The capture efficiency is the ratio of the amount of cadmium captured by 
the sorbent to the amount of cadmium vapour Cd<g> actually reaching the bed. The amount 
of cadmium reaching the bed was determined by subtracting the amount of solid cadmium 
oxide washed from the reactor walls, above the bed, from the amount of cadmium initially 
vaporised. The percentage of cadmium oxide formed for each experiment is also given. 
E. 2.1 Study of the meta-kaolinite 
Table E. 1: ICP-AES measurements of cadmium recovered in the acid washes. 
Volume of HN03 Cone. 
-' 
Dilution amount (µg) used (ml) ) (mg., 
Exp01 Wash generation section 20 0.200 20 80 
Wash section before the bed 15 2.980 20 894 
Wash of the Cd pan 10 0.498 800 3984 
Exp02 Wash generation section 10 1.837 1 18 
Wash section before the bed 20 0.007 1 0 
Wash of the Cd pan 10 14.6 20 2920 
Exp03 Wash generation section 20 0.328 20 131 
Wash section before the bed 25 0.524 20 262 
Wash of the Cd pan 10.3 0.281 800 2315 
Exp04 Wash generation section 25 0.707 20 354 
Wash section before the bed 20 1.591 20 636 
Wash of the Cd pan 10 0.169 800 1352 
Exp05 Wash generation section 20 0.161 20 64 
Wash section before the bed 20 0.818 20 327 
Wash of the Cd pan 10 0.213 800 1704 
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Table E. 2: ICP-AES measurements of cadmium captured by the meta-kaolinite 
mass (mg) DF Conc. (mg. l"') Conc. in sorbent (mg. kg-') 
Exp01 analysis 1 11.2 893 1.988 1775 
analysis 2 10.3 971 1.853 1799 
average 1787 
Exp02 analysis 1 11 909 1.609 1463 
analysis 2 10.8 926 1.551 1436 
average 1449 
Exp03 analysis 1 11.6 862 1.913 1649 
analysis 2 10.6 943 1.668 1574 
average 1611 
Exp04 analysis 1 10.9 917 1.772 1626 
analysis 2 10.5 952 1.690 1610 
average 1618 
Exp05 analysis 1 10.8 926 1.110 1028 
analysis 2 11.4 877 1.259 1104 
average 1066 
Table E. 3: Calculation of the capture efficiencies at 350 and 600°C for the meta-kaolinite 
Temperature 
350 350 
Experiment reference ExpO 1 Exp02 
Initial amount of cadmium in the pan (µg) 6006 3753 
Remaining amount of cadmium in the pan (µg) 3984 2920 
Cd vapour generated (µg) 2022 833 
Cd in acid wash: generation section (µg) 80 18 
Cd in acid wash: section before the bed (µg) 894 90 
% of CdO formed 48% 13% 
Cd which went in the bed (µg) 1048 724 
mass of sorbent (mg) 502.7 519.3 
Cd captured by sorbent (µg) 898 753 
Capture efficiency 86% 104% 
Average capture efficiency 95% 
Stdev 13% 
600 600 600 
Exp03 Exp04 Exp05 
3542 3338 2611 
2315 1352 1704 
1227 1986 907 
131 354 64 
262 636 327 
32% 50% 43% 
833 996 515 
501.3 509.8 506.9 
808 825 540 
97% 83% 105% 
95% 
11% 
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E"2.2 Study of the combustion fly ash B 
Table E, 4: ICP-AES measurements of cadmium recovered in the acid washes. 
Volume of HNO3 
used (ml) 
Conc. 
(mg., -) 
Dilution amount (µg) 
Exp06 Wash generation section 20 0.187 20 75 
Wash section before the bed 15 1.143 20 343 
Wash of the Cd pan 10 0.229 800 1832 
Exp07 Wash generation section 20 4.878 1 98 
Wash section before the bed 20 16.480 1 330 
Wash of the Cd pan 10 10.190 50 5095 
Exp08 Wash generation section 20 0.290 20 116 
Wash section before the bed 25 0.249 20 125 
Wash of the Cd pan 10 0.187 800 1496 
Exp09 Wash generation section 20 0.016 20 6 
Wash section before the bed 25 0.301 20 151 
Wash of the Cd pan 10 0.249 800 1992 
Table E. 5: ICP-AES measurements of cadmium captured by the combustion fly ash B 
mass (mg) DF Conc. (mg. l-1) Conc. in sorbent (mg. kg-') 
Exp06 analysis 1 11.6 862 0.927 799 
analysis 2 10.3 971 0.872 847 
average 823 
Exp07 analysis 1 9.9 1010 0.976 986 
analysis 2 10 1000 0.955 955 
average 970 
Exp08 analysis 1 6.9 1449 0.880 1275 
analysis 2 6.9 1449 0.846 1226 
average 1251 
Exp09 analysis 1 7.6 1316 0.739 972 
analysis 2 7.3 1370 0.596 816 
average 894 
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Table E. 6: Calculation of the capture efficiencies at 350 and 600°C for the combustion fly ash B 
Temperature 
350 350 600 600 
Experiment reference Exp06 Exp07 Exp08 Exp09 
Initial amount of cadmium in the pan (µg) 2712 6000 2453 2702 
Remaining amount of cadmium in the pan (µg) 1832 5095 1496 1992 
Cd vapour generated (tg) 880 905 957 710 
Cd in acid wash: generation section (µg) 75 98 116 6 
Cd in acid wash: section before the bed (µg) 343 330 125 151 
% of CdO formed 47% 47% 25% 22% 
Cd which went in the bed (tg) 463 478 717 554 
mass of sorbent (mg) 512.0 515.7 506.5 502.8 
Cd captured by sorbent (µg) 421 500 633 450 
Capture efficiency 91% 105% 88% 81% 
Average capture efficiency 98% 85% 
Stdev 10% 5% 
E. 2.3 Study of the gasification fly ash 
Table E. 7: ICP-AES measurements of cadmium recovered in the acid washes. 
Volume of HNO3 
used (ml) 
Conc. 
(Mg. '-') 
Dilution amount (µg) 
ExplO Wash generation section 15 0.105 20 32 
Wash section before the bed 20 0.953 20 381 
Wash of the Cd pan 10 3.071 100 3071 
Exp l1 Wash generation section 25 0.047 20 24 
Wash section before the bed 20 0.758 20 303 
Wash of the Cd pan 10 2.419 100 2419 
Exp12 Wash generation section 25 0.038 20 19 
Wash section before the bed 25 0.287 20 144 
Wash of the Cd pan 10 1.708 100 1708 
Exp 13 Wash generation section 15 0.032 20 10 
Wash section before the bed 25 0.087 20 44 
Wash of the Cd pan 10 2.901 100 2901 
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Table E. 8: ICP-AES measurements of cadmium captured by the gasification fly ash 
mass (mg) DF Conc. (mg. 1-1) Conc. in sorbent (mg. kg-') 
Exp lO analysis 1 10 1000 0.972 972 
analysis 2 8.8 1136 0.797 906 
average 939 
Exp 11 analysis 1 9.7 1031 1.210 1247 
analysis 2 9.7 1031 0.711 733 
average 990 
Exp 12 analysis 1 10.3 971 1.750 1699 
analysis 2 10.5 952 1.544 1470 
average 1585 
Exp 13 analysis 1 10.4 962 0.781 751 
analysis 2 9.9 1010 0.821 829 
average 790 
Table E. 9: Calculation of the capture efficiencies at 350 and 600°C for the gasification fly ash 
Temperature 
350 350 600 600 
Experiment reference Exp 10 Exp 11 Exp 12 Exp 13 
Initial amount of cadmium in the pan (µg) 4008 3467 2830 3482 
Remaining amount of cadmium in the pan (µg) 3071 2419 1708 2901 
Cd vapour generated (ug) 937 1048 1121.9 581 
Cd in acid wash: generation section (µg) 32 24 19 10 
Cd in acid wash: section before the bed (µg) 381 303 144 44 
% of CdO formed 44% 31% 14% 9% 
Cd which went in the bed (µg) 524 721 959 528 
mass of sorbent (mg) 499.6 499.2 501.4 501.2 
Cd captured by sorbent (µg) 469 623 795 396 
Capture efficiency 89% 86% 83% 75% 
Average capture efficiency 88% 79% 
Stdev 2% 6% 
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E. 3 Residence time calculations for each sorbent bed according to temperature 
Table E10: Variation of the residence time in the sorbent bed as a function of temperature. 
QN2 NTP 40 (ml. miri) 
A2nd stage 3.14E-04 m2 
Test temperature = 350°C 
6L (mm) Q (ml. min"t) US (mm. s-') Ua (mm. s-') Res time (s) 
Meta-kaolinite 0.38 5 85 4.5 11.9 0.42 
Combustion fly ash B 0.50 4 85 4.5 9.0 0.44 
Gasification fly ash 0.35 4 85 4.5 12.9 0.31 
Test temperature = 600°C 
E L (mm) Q (ml. miri) US (mm. s-1) Ua (mm. s-') Res time (s) 
Meta-kaolinite 0.38 5 119 6.3 16.6 0.30 
Combustion fly ash B 0.50 4 119 6.3 12.6 0.32 
Gasification flv ash 0.35 4 119 6.3 18.1 0.22 
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E. 4 Leaching of the sorbent exposed to cadmium vapour 
Table E. 11: Leaching of the sorbent exposed to cadmium vapour with distilled water (pH=7) 
Reference Sorbent mass (mg) 
Vol of liq 
(ml) 
Conc. 
(mg. r) DF 
Cd leached 
(µg) 
Cd leached/ 
Cd captured 
Exp01 Meta-kaolinite 100.7 5 0.027 10 1 0.2% 
Exp02 Meta-kaolinite 99.8 5 0.028 10 1 0.2% 
average 0.2% 
St dev 0.0% 
Exp03 Meta-kaolinite 100.6 5 0.005 10 0 0.0% 
Exp05 Meta-kaolinite 100.8 5 10 0 0.0% 
average 0.0% 
St dev 0.0% 
Exp06 Combustion fly ash B 100.5 5 0.000 10 0 0.0% 
Exp07 Combustion fly ash B 100.7 5 0.000 10 0 0.0% 
average 0.0% 
St dev 0.0% 
Exp08 Combustion fly ash B 100.4 5 0.000 10 0 0.0% 
Exp09 Combustion fly ash B 100.3 5 0.000 10 0 0.0% 
average 0.0% 
St dev 0.0% 
Exp l0 Gasification fly ash 100.5 5 0.147 10 7 1.6% 
Expl I Gasification fly ash 100.9 5 0.286 10 14 2.3% 
average 1.9% 
St dev 0.5% 
Exp 12 Gasification fly ash 100.7 5 0.002 10 0 0.0% 
Exp 13 Gasification fly ash 99.7 5 0.000 10 0 0.0% 
average 0.0% 
St dev 0.0% 
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Table E. 12: Leaching of the sorbent exposed to cadmium vapour with distilled water + acetic acid 
(pH=3) 
Reference Sorbent mass (Mg) 
Vol of liq 
(MI) 
Conc. 
(Mg., -, ) 
Cd leached 
(Mg) 
Cd leached/ 
Cd captured 
ExpOl Metakaolinite 100.8 5 0.432 10 22 2.4% 
Exp02 Metakaolinite 100.0 5 0.307 10 15 2.0% 
average 2.2% 
St dev 0.3% 
Exp03 Metakaolinite 100.2 5 0.176 10 9 1.1% 
Exp05 Metakaolinite 100.9 5 0.087 10 4 0.8% 
average 0.9% 
St dev 0.2% 
Exp06 Combustion fly ash B 100.9 5 0.346 10 17 4.1% 
Exp07 Combustion fly ash B 100.9 5 0.543 10 27 5.4% 
average 4.8% 
St dev 0.9% 
Exp08 Combustion fly ash B 101.0 5 0.083 10 4 0.7% 
Exp09 Combustion fly ash B 101.0 5 0.042 10 2 0.5% 
average 0.6% 
St dev 0.1% 
Exp 12 Gasification fly ash 100.9 5 0.249 10 12 1.6% 
Exp 13 Gasification fly ash 100.4 5 0.217 10 11 2.7% 
average 2.2% 
St dev 0.8% 
Exp10 Gasification fly ash 100.4 5 1.371 10 69 14.6% 
Exp 11 Gasification fly ash 100.8 5 2.043 10 102 16.4% 
average 15.5% 
St dev 1.3% 
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